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Introduction and General Philosophies 


Original Author: J. L. BLACKBURN 


1. INTRODUCTION 


Relays are compact analog, digital, and numerical de- 
vices that are connected throughout the power system 
to detect intolerable or unwanted conditions within an 
assigned area. They are, in effect, a form of active 
insurance designed to maintain a high degree of service 
continuity and limit equipment damage. They are “5і- 
lent sentinels." Although protective relays will be the 
main emphasis of this book, other types of relays ap- 
plied on a more limited basis or used as part of a total 
protective relay system will also be covered. 


2. CLASSIFICATION OF RELAYS 
Relays can be divided into six functional categories: 


Protective relays. Detect defective lines, defective ap- 
paratus, or other dangerous or intolerable condi- 
tions. These relays generally trip one or more circuit 
breakers, but may also be used to sound an alarm. 

Monitoring relays. Verify conditions on the power sys- 
tem or in the protection system. These relays include 
fault detectors, alarm units, channel-monitoring re- 
lays, synchronism verification, and network phasing: 
Power system conditions that do not involve opening 
circuit breakers during faults can be monitored by 
verification relays. 

Reclosing relays. Establish a closing sequence for a 
circuit breaker following tripping by protective relays. 

Regulating relays. Are activated when an operating 
parameter deviates from predetermined limits. Reg- 
ulating relays function through supplementary equip- 
ment to restore the quantity to the prescribed limits. 

Auxiliary relays. Operate in response to the opening 
or closing of the operating circuit to supplement an- 
other relay or device. These include timers, contact- 
multiplier relays, sealing units, isolating relays, lock- 
out relays, closing relays, and trip relays. 
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Synchronizing (or synchronism check) relays. Assure 
that proper conditions exist for interconnecting two 
sections of a power system. 


In addition to these functional categories, relays may 
be classified by input, operating principle or structure, 
and performance characteristic. The following are some 
of the classifications and definitions described in ANSI/ 
IEEE Standard C37.90 (see also ANSI/IEEE C37.100 
“Definitions for Power Switchgear’): 


Inputs 


Current 
Voltage 
Power 
Pressure 
Frequency 
Temperature 
Flow 
Vibration 


Operating Principle or Structures 


Current balance 
Percentage 
Multirestraint 
Product 

Solid state 

Static 
Microprocessor 
Electromechanical 
Thermal 


Performance Characteristics Differential 


Distance 

Directional overcurrent 
Inverse time 

Definite time 
Undervoltage 








Overvoltage 
Ground or phase 
High or low speed 
Pilot 

Phase comparison 


Directional comparison 
Current differential 


21 Analog/Digital/Numerical 


Solid-state (and static) relays are further categorized 
under one of the following designations. 


2.1.1 Analog 

Analog relays are those in which the measured quan- 
tities are converted into lower voltage but similar sig- 
nals, which are then combined or compared directly to 
reference values in level detectors to produce the de- 
sired output (e.g.. SA-1 SOQ. SI-T. LCB. circuit shield 
relays). 


2.1.2 Digital 

Digital relays are those in which the measured ac quan- 
tities are manipulated in analog form and subsequently 
converted into square-wave (binary) voltages. Logic cir- 
cuits or microprocessors compare the phase relation- 
ships of the square waves to make а trip decision (e.g.. 
SKD-T, REZ-1). 


2.1.3 Numerical 

Numerical relays are those in which the measured ac 
quantities are sequentially sampled and converted into 
numeric data form. A microprocessor performs math- 
ematical and/or logical operations on the data to make 
trip decisions (e.g., MDAR, RELZ-100, MSPC). 


3. PROTECTIVE RELAYING SYSTEMS AND 
THEIR DESIGN 


Technically, most relays are small systems within them- 
selves. Throughout this book, however, the term sys- 
tems will be used to indicate a combination of relays of 
the same or different types. Properly speaking, the pro- 
tective relaying system includes circuit breakers and 
current transformers (ct's) as well as relays. Relays, ct's, 
and circuit breakers must function together. There is 
little or no value in applying one without the other. 

Protective relays or systems are not required to func- 
tion during normal power system operation, but must 
be immediately available to handle intolerable system 
conditions and avoid serious outages and damage. Thus, 
the true operating life of these relays can be on the 
order of a few seconds, even though they are connected 
in à svstem for many years. In practice, the relays op- 
erate far more during testing and maintenance than in 
response to adverse service conditions. 


Chapter 1 


In theory, a relay system should be able to respond 
to an infinite number of abnormalities that can possibly 
occur within the power svstem. In practice, the relay 
engineer must arrive at a compromise based on the four 
factors that influence any relay application: 


Economics: initial, operating. and maintenance 

Available measures of fault or troubles: fault magni- 
tudes and location of current transformers and volt- 
age transformers 

Operating practices: conformity to standards and ac- 
cepted practices, ensuring efficient system operation 

Previous experience: history and anticipation of the types 
of trouble likely to be encountered within the system 


The third and fourth considerations are perhaps better 
expressed as the "personality of the system and the relay 
engineer." 

Since it is simplv not feasible to design a protective 
relaving svstem capable of handling any potential prob- 
lem. compromises must be made. In general. only those 
problems that. according to past experience. are likely 
to occur. receive primary consideration. Naturally, this 
makes relaying somewhat of an art. Different relay en- 
gineers will, using sound logic, design significantly dif- 
ferent protective systems for essentially the same power 
system. As a result, there is little standardization in 
protective relaying. Not only may the type of relaying 
system vary, but so will the extent of the protective 
coverage. Too much protection is almost as bad as too 
little. 

Nonetheless, protective relaying is a highly spe- 
cialized technology requiring an in-depth understanding 
of the power system as a whole. The relay engineer 
must know not only the technology of the abnormal, 
but have a basic understanding of all the system com- 
ponents and their operation in the system. Relaying, 
then, is a “vertical” speciality requiring a "horizontal" 
viewpoint. This horizontal, or total system, concept of 
relaying includes fault protection and the performance 
of the protection system during abnormal system op- 
eration such as severe overloads, generation deficiency, 
out-of-step conditions, and so forth. Although these 
areas are vitally important to the relay engineer, his or 
her concern has not always been fully appreciated or 
shared by colleagues. For this reason, close and con- 
tinued communication between the planning, relay de- 
sign, and operation departments is essential. Frequent 
reviews of protective systems should be mandatory, since 
power systems grow and operating conditions change. 

A complex relaying system may result from poor 
system design or the economic need to use fewer circuit 
breakers. Considerable savings may be realized by using 
fewer circuit breakers and a more complex relay system. 
Such systems usually involve design compromises re- 
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quiring careful evaluation if acceptable protection is to 
^e maintained. It should be recognized that the exercise 
of the very best relaying application principles can never 
compensate for the absence of a needed circuit breaker. 


3.1 Design Criteria 


The application logic of protective relays divides the 
power system into several zones, each requiring its own 
group of relays. In all cases, the four design criteria 
listed below are common to any well-designed and ef- 
ficient protective system or system segment. Since it is 
impractical to satisfy fully all these design criteria si- 
multaneously, the necessary compromises must be eval- 
uated on the basis of comparative risks. 


3.1.1 Reliability 


Svstem reliability consists of two elements: dependa- 
bility and security. Dependability is the certainty of 
correct operation in response to system trouble, whereas 
security is the ability of the system to avoid misoperation 
with or without faults. Unfortunately, these two aspects 
of reliability tend to counter one another; increasing se- 
curity tends to decrease dependabihty and vice versa. In 
general, however, modern relaying systems are highly 
reliable and provide a practical compromise between se- 
curity and dependability. The continuous supervision made 
possible by numerical techniques affords improvement 
in both dependability and security. Protective relav svs- 
tems must perform correctly under adverse svstem and 
environmental conditions. 

Dependability can be checked relatively easily in the 
laboratory or during installation by simulated tests or 
a staged fault. Security, on the other hand, is much 
more difficult to check. A true test of system security 
would have to measure response to an almost infinite 
variety of potential transients and counterfeit trouble 
indications in the power system and its environment. 
A secure system is usually the result of a good back- 
ground in design, combined with extensive model power 
system or EMTP (electromagnetic transient program) 
testing, and can only be confirmed in the power system 
itself and its environment. 


3.1.2 Speed 


Relays that could anticipate a fault would be utopian. 
But, even if available, they would doubtlessly raise the 
question of whether or not the fault or trouble really 
required a trip-out. The development of faster relays 
must always be measured against the increased prob- 
ability of more unwanted or unexplained operations. 
Time is an excellent criterion for distinguishing between 
real and counterfeit trouble. 

Applied to a relay, high speed indicates that the op- 
erating time usually does not exceed 50 ms (three cycles 


on а 60-Hz base). The term instantaneous пше с 
no delay is purposely introduced in the operaz:- .- 
practice, the terms high speed and instantaneous. 272 
frequently used interchangeably. 





3.1.3 Performance vs. Economics 


Relays having a clearly defined zone of protection pro- 
vide better selectivity but generally cost more. High- 
speed relays offer greater service continuity by reducing 
fault damage and hazards to personnel, but also have 
a higher initial cost. The higher performance and cost 
cannot always be justified. Consequently, both low- and 
high-speed relays are used to protect power systems. 
Both types have high reliability records. Records on 
protective relay operations consistently show 99.596 and 
better relay performance. 


3.1.4 Simplicity 


As in any other engineering discipline, simplicity in a 
protective relay system is always the hallmark of good 
design. The simplest relay system, however, is not al- 
ways the most economical. As previously indicated, ma- 
jor economies may be possible with a complex relay 
system that uses a minimum number of circuit breakers. 
Other factors being equal. simplicity of design improves 
system reliability —if only because there are fewer ele- 
ments that can malfunction. 


3.2 Factors Influencing Relay Performance 


Relay performance is generally classed as (1) correct, 
(2) no conclusion, or (3) incorrect. Incorrect operation 
may be either failure to trip or false tripping. The cause 
of incorrect operation may be (1) poor application, (2) 
incorrect settings, (3) personnel error, or (4) equipment 
malfunction. Equipment that can cause an incorrect 
operation includes current transformers, voltage trans- 
formers, breakers, cable and wiring, relays, channels, 
or station batteries. 

Incorrect tripping of circuit breakers not associated 
with the trouble area is often as disastrous as a failure 
to trip. Hence, special care must be taken in both ap- 
plication and installation to ensure against this. 

“Мо conclusion" is the last resort when no evidence 
is available for a correct or incorrect operation. Quite 
often this is a personnel involvement. 


3.3 Zones of Protection 


The general philosophy of relay applications is to divide 
the power system into zones that can be protected ad- 
equately with fault recognition and removal producing 
disconnection of a minimum amount of the system. 





Ғідиге 1-1 


A typical system and its zones of protection. 


The power system is divided into protective zones 
for: 


1. Generators 

2. Transformers 

3. Buses 

4. Transmission and distribution circuits 
5. Motors 


A typical power system and its zones of protection are 
shown in Figure 1-1. The location of the current trans- 


CT for Zone B 







Circuit Breaker 


Zone A Zone B 


CT for Zone A 


a) Dead Tank Breaker and Breakers With Separate 
Current Transformers on Both Sides of Breakers 


Circuit Breaker 


Zone А Zone B 


CT for Zone A 


CT for Zone B 


b) Live Tank and Breakers With Separate Current 
Transformers on One Side Only 


Figure 1-2 The principle of overlapping protection around 
a circuit breaker. 


Chapter 1 


formers supplying the relav or relay system defines the 
edge of the protective zone. The purpose of the pro- 
tective system is to provide the first line of protection 
within the guidelines outlined above. Since failures do 
occur, however, some form of backup protection is pro- 
vided to trip out the adjacent breakers or zones sur- 
rounding the trouble area. 

Protection in each zone is overlapped to avoid the 
possibility of unprotected areas. This overlap is accom- 
plished by connecting the relavs to current trans- 
formers, as shown in Figure 1-2a. It shows the connec- 
tion for “асай tank" breakers, and Figure 1-2b the "live 
tank" breakers commonly used with EHV circuits. Any 
trouble in the small area between the current trans- 
formers will operate both zone A and B relays and trip 
all breakers in the two zones. In Figure 1-2a. this small 
area represents the breaker and. in Figure 1-2b, the 
current transformer. which is generally not part of the 
breaker. 


4. APPLYING PROTECTIVE RELAYS 


The first step in applying protective relays is to state 
the protection problem accurately. Although develop- 
ing a clear, accurate statement of the problem can often 
be the most difficult part, the time spent will pay div- 
idends— particularly when assistance from others is de- 
sired. Information on the following associated or sup- 
porting areas is necessary: 


System configuration 

Existing system protection and any known deficiencies 

Existing operating procedures and practices, possible 
future expansions 

Degree of protection required 

Fault study 

Maximum load, current transformer locations and 
ratios 

Voltage transformer locations, connections, and ratios 

Impedance of lines, transformers, and generators 


4.1 System Configuration 


System configuration is represented by a single-line dia- 
gram showing the area of the system involved in the 
protection application. This diagram should show in 
detail the location of the breakers, bus arrangements, 
taps on lines and their capacity, location and size of the 
generation, location, size, and connections of the power 
transformers and capacitors, location and ratio of ct's 
and vt's, and system frequency. 

Transformer connections are particularly important. 
For ground relaying, the location of all ground "sources" 
must also be known. 
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4.2 Existing System Protection and Procedures 


The existing protective equipment and reasons for the 
desired change(s) should be outlined. Deficiencies in 
the present relaying system are a valuable guide to im- 
provements. New installations should be so specified. 
As new relay systems will often be required to operate 
with or utilize parts of the existing relaying. details on 
these existing systems are important. 

Whenever possible, changes in system protection should 
conform with existing operating procedures and practices. 
Exceptions to standard procedures tend to increase the 
risk of personnel error and may disrupt the efficient op- 
eration of the system. Anticipated system expansions can 
also greatly influence the choice of protection. 


4.3 Degree of Protection Required 


To determine the degree of protection required, the 
general type of protection being considered should be 
outlined, together with the system conditions or oper- 
ating procedures and practices that will influence the 
final choice. These data will provide answers to the 
following types of questions. Is pilot, high-, medium-, 
or slow-speed relaying required? Is simultaneous trip- 
ping of all breakers of a transmission line desired? Is 
instantaneous reclosing needed? Are generator neutral- 
to-ground faults to be detected? 


4.4 Fault Study 


An adequate fault study is necessary in almost all relay 
applications. Three-phase faults, line-to-ground faults, 
and line-end faults should all be included in the study. 
Line-end fault (fault on the line-side of an open breaker) 
data are important in cases where one breaker may 
operate before another. For ground-relaying, the fault 
study should include zero sequence currents and volt- 
ages and negative sequence currents and voltages. These 
quantities are easily obtained during the course of a 
fault study and are often extremely useful in solving a 
difficult relaying problem. 


4.5 Maximum Loads, Transformer Data, and 
impedances 


Maximum loads, current and voltage transformer con- 
nections, ratios and locations, and de voltage are required 
for proper relay application. Maximum loads should be 
consistent with the fault data and based on the same 
system conditions. Line and transformer impedances, 
transformer connections, and grounding methods, should 
also be known. Phase sequence should be specified if 
three-line connection drawings are involved. 

Obviously, not all the above data are necessary in 
every application. It is desirable, however, to review 


the system with respect to the above points and. wher- 
ever applicable, compile the necessary data. 

In any event, no amount of data can ensure a suc- 
cessful relay application unless the protection problems 
are first defined. In fact, the application problem is 
essentially solved when the available measures for dis- 
tinguishing between tolerable and intolerable condi- 
tions can be identified and specified. 


5. RELAYS AND APPLICATION DATA 


Connected to the power system through the current and 
voltage transformers, protective relays are wired into 
the control circuit to trip the proper circuit breakers. 
In the following discussion, typical connections for re- 
lays mounted on conventional switchboards and for rack- 
mounted solid-state relays will be used to illustrate the 
standard application practices and techniques. 


5.1 Switchboard Relays 


Most relays are supplied in a rectangular case that is 
permanently mounted on a switchboard located in the 
substation control house. The relay chassis, in some 
implementations, slides into the case and can be con- 
veniently removed for testing and maintenance. The 
case is usually mounted flush and permanently wired 
to the input and control circuits. In the Flexitest case. 
the electrical connections are made through small, front- 
accessible. knife-blade switches. A typical switchboard 
relay is shown in Figure 1-3; its corresponding internal 
schematic 15 shown in Figure 1-4. While the example shown 





Figure 1-3 A typical switchboard type relay. (The CR 
directional time overcurrent relay in the flexitest case.) 
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Note: 


With Relative Instantaneous Polarity as Shown The 
Directional Unit Contacts Close. 


Figure 1-4 Typical internal schematic for a switchboard 
mounted relay. (The circuit shown is for the CR directional 
time overcurrent relay of Figure 1-3.) 


is an electromechanical relay, many solid-state relays are 
in the Flexitest case for switchboard mounting. 

The important designations in the ac schematic for 
the relay, such as that illustrated in Figure 1-5, are: 


Phase rotation 

Tripping direction 

Current and voltage transformer polarities 
Relay polarity and terminal numbers 
Phasor diagram. 


All these designations are required for a directional relay. 
In other applications, some may not apply. In accordance 
with convention, all relay contacts are shown in the po- 
sition they assume when the relay is deenergized. 

A typical control circuit is shown in Figure 1-6. Three 
phase relays and one ground relay are shown protecting 
this circuit. Any one could trip the associated circuit 
breaker to isolate the trouble or fault area. A station 
battery, either 125 Vdc or 250 Vdc, is commonly used 
for tripping. Lower-voltage batteries are not recom- 
mended for tripping service when long trip leads are 
involved. 

In small stations where a battery cannot be justified, 
tripping energy is obtained from a capacitor trip device. 
This device is simply a capacitor charged, through a 
rectifier. by the ac line voltage. An example of this 
arrangement is presented in Figure 1-7. When the relay 
contacts close, the discharge of the energy in the ca- 
pacitor through the trip coil is sufficient to trip the 
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Figure 1-5 Typical ac schematic for a switchboard mounted 
relay. (The connections are for the CR phase and CRC ground 
directional time overcurrent relay of Figure 1-3.) 
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Figure 1-6 Typical dc schematic for a switchboard mounted 
relay. (The connections are for three phase type CR and one 
CRC ground directional time overcurrent relays of Figure 1-3 
applied to trip a circuit breaker.) 
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Figure 1-7 Typical capacitor trip device schematic. 


breaker. Line voltage cannot be used directly since, of 
course, it may be quite low during fault conditions. 


5.2 Rack-Mounted Relays 


Solid-state and microprocessor relays (Figure 1-8) are 
usually rack-mounted. Since these relays involve more 
complex and sophisticated circuitry, different levels of 
information are required to understand their operation. 
A block diagram provides understanding of the basic 
process. Figure 1-9 is a block diagram for the MDAR 
microprocessor relay. Detailed logic diagrams plus ac 
and de schematics are also required for a complete view 
of the action to be expected from these relays. 
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Figure 1-8 А typical rack type relay. (The SBFU static 
circuit breaker failure relay.) 


6. CIRCUIT-BREAKER CONTROL 


Complete tripping and closing circuits for circuit break- 
ers are complex. A typical circuit diagram is shown in 
Figure 1-10. In this diagram, the protective relay circuits 
such as that shown in Figure 1-6 are abbreviated to a 
single contact marked “prot relays." While the trip cir- 
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Figure 1-9 Block diagram of МРАК relay. 











Figure 1-10 А typical control circuit schematic for a circuit 
breaker showing the tripping and closing circuits. 


cuits must be energized from a source available during 
a fault (usually the station battery). the closing circuits 
may be operated on ac. Such breakers have control 
circuits similar to those shown in Figure 1-10, except 
that the 52Х, 52Y, and 52СС circuits are arranged for 
ac operation. 

The scheme shown includes red light supervision of 
the trip coil, 52Х/52Ү antipump control, low-pressure 
and latch checks that most breakers contain in some 
form. 
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Table 1-1 Comparison of Symbols 








US. European 
Element practice practice 
Normally open contact ТЕЛЕГЕ | --ж-- 
Normally closed contact —H—— mw 
Form C = rom ye 27 
Breaker spese ——— 
Fault -r 2 


TT F а 


Current transformer 


Transformer —i Е- —89— 
Phase designations (typical) A.B.C RST 
(preferred) 
1.2.3 
Component designations 1. 2.0 1.2.0 
(positive. negative. zero) 

Current I I 
Voltage V U 





7. COMPARISON OF SYMBOLS 


Various symbols are used throughout the world to rep- 
resent elements of the power system. Table 1-1 compiles 
a few of the differences. 
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Technical Tools of the Relay Engineer: Phasors, Polarity, and 


Symmetrical Components 
Original Author: J. L. BLACKBURN 


1. INTRODUCTION 


In addition to a general knowledge of electrical power 
systems, the relay engineer must have a good working 
understanding of phasors, polarity, and symmetrical 
components, including voltage and current phasors dur- 
ing fault conditions. These technical tools are used for 
application, analysis, checking, and testing of protective 
relays and relay systems. 


2. PHASORS 


A phasor is a complex number used to represent elec- 
trical quantities. Originally called vectors, the quantities 
were renamed to avoid confusion with space vectors. 
A phasor rotates with the passage of time and represents 
a sinusoidal quantity. A vector is stationary in space. 

In relaying, phasors and phasor diagrams are used 
both to aid in applying and connecting relays and for 
the analysis of relay operation after faults. 

Phasor diagrams must be accompanied by a circuit 
diagram. If not, then such a circuit diagram must be 
obvious or assumed in order to interpret the phasor 
diagram. The phasor diagram shows only the magnitude 
and relative phase angle of the currents and voltages, 
whereas the circuit diagram illustrates only the location, 
direction, and polarity of the currents and voltages. These 
distinctions are important. Confusion generally results 
when the circuit diagram is omitted, or the two diagrams 
are combined. 

There are several systems and many variations of 
phasor notation in use. The system outlined below is 
standard with most relay manufacturers. 


2.4 Circuit Diagram Notation for Current and 
Flux 


The reference direction for the current or flux can be 
indicated by (1) an identified directional arrow in the 


Revised by: W. A. ELMORE 


circuit diagram, as shown in Figure 2-1; or (2) the dou- 
ble subscript method, such as I,,, defined as the current 
flowing from terminal “а” to terminal “b”, as in Figure 
22. | 

In all cases, the directional arrow or double subscript 
indicates the actual or assumed direction of current (or 
flux) flow through the circuit during the positive half- 
cycle of the ac wave. 


2.2 Circuit Diagram Notation for Voltage 


The relative polarity of an ac voltage may be shown in 
the circuit diagram by (1) a + mark at one end of the 
locating arrow (Figure 2-1) or (2) the double subscript 
notation (Figure 2-2). In either case, the meaning of 
the notation must be clearly understood. Failure to 
properly define notation is the basis for much confusion 
among students and engineers. 

The notation used in this text is defined as follows: 


The letter “V” is used to designate voltages. For sim- 
plicity, only voltage drops are used. In this sense, a 
generator rise is considered a negative drop. Some 
users assign the letter “E” to generated voltage. In 
much of the world, “U” is used for voltage. 

If locating arrows are used for voltage in the circuit 
diagram with a single subscript notation, the + mark 
at one end indicates the terminal of actual or assumed 
positive potential relative to the other in the half- 
cycle. 

If double subscript notation is used, the order of the 
subscripts indicates the actual or assumed direction 
of the voltage drop when the voltage is in the positive 
half-cycle. 


Thus, the voltage between terminals a and b may be 
written as either V» or Е,,. Voltage Va» or Ель is pos- 
itive if terminal a is at a higher potential than terminal 
b when the ac wave is in the positive half-cycle. During 
the negative half-cycle of the ac wave, Væ or E» is 
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Figure 2-1 Reference circuit diagram illustrating single 


subscript notation. 


negative, and the actual drop for that half-cycle is from 
terminal b to terminal a. 


2.3 Рһавог Notation 


Phasors must be referred to some reference frame. The 
most common reference frame consists of the axis of 
real quantities x and the axis of imaginary quantities 
y, as shown in Figure 2-3. The axes are fixed in the 
plane, and the phasors rotate. since they are sinusoidal 
quantities. (The convention for positive rotation is 
counterclockwise.) The phasor diagram therefore rep- 
resents the various phasors at any given common instant 
of time. 

Theoretically, the length of a phasor is proportional 
to its maximum value, with its projections on the real 
and imaginary axes representing its real and imaginary 
components at that instant. By arbitrary convention, 
however, the phasor diagram is constructed on the basis 
of rms values, which are used much more frequently 
than maximum values. The phasor diagram indicates 
angular relationships under the chosen conditions, nor- 
mal or abnormal. 

For reference and review, the various forms, for rep- 
resentation of point P in Figure 2-3 are as follows: 


Rectan- Expo- 
gular Complex nential Polar Phasor 
form form form form form 











a + jb = [e| (соѕ0 + jsin8) = [е0 = [40° -с 2-1) 
а — jb = |с (cos0 — jsin9) = |cle~® 12 -0° = ё 2-2) 











led 
c d 
эс =] 
l ab 
a b 
lef 
ANNAA 
е f 
y Med = Vef 


Figure 2-2 Reference circuit diagram illustrating double 
subscript notation. (Current arrows not required but are usu- 
ally shown in practice.) 
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Figure 2-3 Reference axis and nomenclature for phasors. 


where 


a = real value 


с 
ll 


imaginary value 


(| = modulus or absolute value (magnitude) 
Ө = argument or amplitude (relative position) 


If c is a phasor, then € is its conjugate. Thus, if 


с= a + jb 
then 
ё= a - jb 


Some references use c* to represent conjugate. 
The absolute value of the phasor is |c| 


lc] = Va? + b? (2-3) 
By adding Equations (2-1) and (2-2), we obtain 


a= (с + 2) (2-4) 


Subtracting Equations (2-1) апа (2-2) yields 
А 1 
jb = 56-0 (2-5) 


In addition to the use of a single term such ав с for a 
phasor, ©, С, and с have also been used. 


2.3.1 Multiplication Law 


The absolute value of a phasor product is the product 
of the absolute values of its components, and the ar- 
gument is the sum of the component arguments 


EI = |E] x [I| / (9, + 6) (2-6) 
or 


A 


EI 


|| 


ІБіе 8 x Ще 79 
|E] x M 2 (8, ш Ө›) (2-7) 
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2.3.2 Division Law 


The division law is the inverse of multiplication 


E [El  |E| 
- —- = — / (0, - Ө 2- 
I Ше П ( T 2) ( 8) 





2.3.3 Powers of Complex Numbers 
The product of a phasor times its conjugate is 
(Шабу = [ineine (2-9) 


Thus, I? equals |Ц2в129 


ХИ? = MT (eF) (2-10) 
The product of a phasor times its conjugate is 
If = Це! х|Це-і% 
= |peie-o 
= |I}? (2-11) 


Other reference axes used frequently are shown in Fig- 
ure 2-4. Their application will be covered in later chapters. 


2.4 Phasor Diagram Notation 


In Figure 2-5, the phasors all originate from a common 
origin. This method is preferred. In an alternate method. 
shown in Figure 2-6, the voltage phasors are moved 
away from a common origin to illustrate the phasor 
addition of voltages in series (closed system). Although 
this diagram notation can be useful, it is not generally 
recommended since it often promotes confusion by 
combining the circuit and phasor diagrams. 

Notation for three-phase systems varies considerably 
in the United States; the phases are labeled a, b, c, or 
A,B,C, or 1,2, 3. In other countries, the corresponding 
phase designation of r, s, t is frequently used. 

The letter designations are preferred and used here 
to avoid possible confusion with symmetrical compo- 














+X +Q 
-R +R -Р +Р 
-X -Q 
impedance Phasors Power Phasors 
Note: Note: 
Қ = Resistance P = Real Power (Watts) 
X = Reactance Q = Reactive Power (Vars) 


Figure 2-4 Other reference axes for phasors used in re- 
laying and power systems. 
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Figure 2-5 Open type phasor diagram for the basic ele- 
ments (resistor, reactor, and capacitor) connected in series. 


nents notation. A typical three-phase system, with its 
separate circuit and phasor diagrams, is shown in Figure 
2-7. The alternate closed-system phasor diagram is shown 
in Figure 2-8. With this type of diagram, one tends to 
label the three corners of the triangle a, b, and c— 
thereby combining the circuit and phasor diagrams. The 
resulting confusion is apparent when one notes that. 
with a at the top corner and b at the lower right corner. 
the voltage drop from a to b would indicate the opposite 
arrow from that shown on Ул. 

Neutral (n) and ground (g) are often incorrectly in- 
terchanged. They are not the same. The voltage from 
n to g is zero when no zero sequence voltage exists. 
With zero sequence current flowing, there will be a 
voltage between neutral and ground. 

Ground impedance (R, or Кү) resulting in a rise in 
station ground potential can be an important factor in 
relaying. This will be considered in later chapters. 

According to ANSI/TEEE Standard 100, “the neutral 
point of a system is that point which has the same po- 
tential as the point of junction of a group of equal non- 
reactive resistances if connected at their free ends to 
the appropriate main terminals or lines of the system.” 








Figure 2-6 Alternate closed tvpe phasor diagram for the 
basic circuit of Figure 2-5. 
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Figure 2-7 Designation of the voltages and currents in a 
three-phase power system. 


2.5 Phase Rotation vs. Phasor Rotation 


Phase rotation, or preferably phase sequence, is the or- 
der in which successive phase phasors reach their pos- 
itive maximum values. Phasor rotation is, by interna- 
tional convention, counterclockwise in direction. Phase 
sequence is the order in which the phasors pass a fixed 
point. 

All standard relay diagrams are for phase rotation 
a, b, c. It is not uncommon for power systems to have 
one or more voltage levels with a, c, b rotation; then 
specific diagrams must be made accordingly. The con- 





Figure 2-8 Alternate closed system phasor diagram for the 
three-phase power system of Figure 2-7. 
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nection can be changed from one rotation to the other 
by completely interchanging all b and c connections. 


3. POLARITY IN RELAY CIRCUITS 
3.1 Polarity of Transformers 


The polarity indications shown in Figures 2-9 and 2-10 
apply for both current and voltage transformers, or any 
type of transformer with either subtractive or additive 
polarity. 

The polarity marks X or -Ш- indicate: 


The current flowing out at the polarity-marked terminal 
on the secondary side is essentially in phase with the 
current flowing in at the polarity-marked terminal 
on the primary side. 

The voltage drop from the polarity-marked to the non- 
polarity-marked terminal on the primary side is es- 
sentially in phase with the voltage drop from the 
polarity-marked to the non-polarity-marked termi- 
nals on the secondary side. 


The expression "essentially in phase" allows for the 
small phase-angle error. 


3.2 Polarity of Protective Relays 


Polarity is always associated with directional-type relay 
units, such as those indicating the direction of power 
flow. Other protective relays, such as distance types, 
may also have polarity markings associated with their 
operation. Relay polarity is indicated on the schematic 
or wiring diagrams by a small + mark above or near 
the terminal symbol or relay winding. Two such marks 
are necessary; a mark on one winding alone has no 
meaning. 

Typical polarity markings for a directional unit are 
shown in Figure 2-11. In this example, the markings 
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Figure 2-9 Polarity and circuit diagram for transformers. 
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Figure 2-10 Polarity and circuit diagram for conventional 
representation of current and linear coupler transformer. 


indicate that the relay will operate when the voltage 
drop from polarity to nonpolarity in the voltage coil is 
in phase with the current flow from polarity to non- 
polarity in the current coil. This applies, irrespective of 
the maximum sensitivity angle of the relay. Of course, 
the levels must be above the relay pickup quantities 
for the relay to operate. 


3.3 Characteristics of Directional Relays 


Directional units are often used to supervise the action 
of fault responsive devices such as overcurrent units. 
The primary function of the directional units is to limit 
relay operation to a specified direction. These highly 
sensitive units operate on load in the tripping direction. 

Directional units can conveniently serve to illustrate 
the practical application of phasors and polarity. In ad- 
dition to polarity, these units have a phase-angle char- 
acteristic that must be understood if they are to be 
properly connected to the power system. The charac- 
teristics discussed below are among the most common. 


3.3.1 Oylinder-Type Directional Unit 


As shown in Figure 2-12, the cylinder-type unit has 
maximum torque when I, flowing in the relay winding 
from polarity to non-polarity, leads V drop from po- 
larity to non-polarity by 30°. The relay minimum pickup 
values are normally specified at this maximum torque 
angle. As current Ij, lags or leads,this maximum torque 
position, more current is required (at a constant volt- 
age) to produce the same torque. Theoretically, at 120° 
lead or 60? lag, no torque results from any current mag- 
nitude. In practice, however, this zero torque line is a 


With Relative Instantaneous Polarity os Shown, 
The Contacts Close. 


Figure 2-11  Polarity markings for protective relays. 
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Figure 2-12 Phase angle characteristics of the cylinder type 
directional геіау unit. 


zone of no operation and not a thin line through the 
origin, as commonly drawn. 


3.3.2 Ground Directional Unit 


As shown in Figure 2-13, the ground directional unit 
usually has a characteristic of maximum torque when I 
flowing from polarity to non-polarity lags V drop from 
polarity to non-polarity by 60°. Although this charac- 
teristic may be inherent in the unit’s design, an auxiliary 
phase shifter is generally required in analog relays. The 
phase shifter is self-contained in the relay case and not 
shown in the simplified circuit diagram. 


3.3.3 Watt-Type Directional Unit 


The characteristic of the watt-type unit is as shown in 
Figure 2-14. It has maximum sensitivity when relay cur- 
rent and voltage are in phase. 


3.4 Connections of Directional Units to Three- 
Phase Power Systems 


The relay unit’s individual characteristic, as discussed 
so far, is the characteristic that would be measured on 
a single-phase test. Faults on three-phase power systems 
can, however, produce various relations between the 
voltages and currents. To ensure correct relay opera- 
tion, it is necessary to select the proper quantities to 
apply to the directional units. For all faults in the op- 
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Figure 2-13 Phase angle characteristics of a ground di- 
rectional relay unit. 
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Figure 2-14 Phase angle characteristics of a watt type di- 
rectional relay unit. 
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erating zone of the relay. the fault current and voltage 
should produce an operating condition as close to max- 
imum sensitivity as possible. Fault current generally lags 
its unity power factor position by 20 to 85°, depending 
on the system voltage and characteristics. 

The four types of directional element connections 
(Figure 2-15) have been used for many years. The proper 
system quantities are selected to vield the best opera- 
tion, considering the phase-angle characteristic of the 
directional unit. A study of these connections reveals 
that none is perfect. АП will provide incorrect operation 
under some fault conditions. These conditions are. 
moreover, different for each connection. Fortunately, 





b) Available Connections 
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Figure 2-15  Directional element connections. 
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Figure 2-16 Directional unit connections (phase “а” only) for four types of connections plus the ground directional relay 
connections. 
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the probability of such fault conditions occurring in most 
power systems is usually very low. 

For phase directional measurements, the standard 
90° connection is the one best suited to most power 
systems. Here, the system quantities applied to the relay 
are 90° apart at unity power factor, balanced current. 
With this connection, maximum sensitivity can occur at 
various angles, depending on relay design, as in con- 
nection 4. The 90 to 60° connection is one standard for 
phase relays. The 90° angle is that between the unity 
power factor current and the voltage, as applied to the 
relay. The 60° angle indicates the current lag from the 
unity power factor to provide maximum sensitivity. 

Figure 2-16 is a composite circuit diagram illustrating 
the phase a connections for these four connections that 
have been used over the years, together with the con- 
nection for a ground directional relay. The phasor dia- 
grams are shown in Figure 2-15a for the phase relays 
and Figure 2-17 for a commonly used ground relay. 


4. FAULTS ON POWER SYSTEMS 


A fault-proof power system is neither practical nor eco- 
nomical. Modern power systems, constructed with as 
high an insulation level as practical, have sufficient flex- 
ibility so that one or more components may be out of 
service with minimum interruption of service. In ad- 
dition to insulation failure, faults can result from elec- 
trical, mechanical, and thermal failure or any combi- 
nation of these. 


41 Fault Types and Causes 


To ensure adequate protection, the conditions existing 
on a system during faults must be clearly understood. 
These abnormal conditions provide the discriminating 
means for relay operation. The major types and causes 
of failure are listed in Table 2-1. 

Relays must operate for several types of faults: 


Three-phase (a-b-c, a-b-c-g) 
Phase-to-phase (a-b, b-c, c-a) 
Two-phase-to-ground (a-b-g, b-c-g, c-a-g) 
Phase-to-ground (a-g, b-g, c-g) 


Unless preceded by or caused by a fault, open circuits 
on power systems occur infrequently. Consequently, 
very few relay systems are designed specifically to pro- 
vide open-circuit protection. One exception is in the 
lower-voltage areas, where a fuse can be open. Another 
is in EHV, where breakers are equipped with inde- 
pendent pole mechanisms. 

Simultaneous faults in two parts of the system are 
generally impossible to relay properly under all con- 
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ditions. If both simultaneous faults are in the relays’ 
operating zone, at least one set of relays is likely to 
operate, with the subsequent sequential operation of 
other relays seeing the faults. When faults appear both 
internal and external simultaneously, some relays have 
difficulty determining whether to trip or not. Fortu- 
nately, simultaneous faults do not happen very often 
and are not a significant cause of incorrect operations. 


4.2 Characteristics of Faults 
4.2.1 Fault Angles 


The power factor, or angle of the fault current, is de- 
termined for phase faults by the nature of the source 
and connected circuits up to the fault location and, for 
ground faults, by the type of system grounding as well. 
The current will have an angle of 80 to 85° lag for a 
phase fault at or near generator units. The angle will 
be less out in the system, where lines are involved. 

Typical open-wire transmission line angles are as 
follows: 


7.2 to 23 kV: 20 to 45° lag 
23 to 69 kV: 45 to 75° lag 
69 to 230 kV: 60 to 80° lag 
230 kV and up: 75 to 85° lag 


At these voltage levels, the currents for phase faults 
will have the angles shown where the line impedance 
predominates. If the transformer and generator imped- 
ances predominate, the fault angles will be higher. Sys- 
tems with cables will have lower angles if the cable 
impedance is a large part of the total impedance to the 
fault. 


4.2.2 System Grounding 


System grounding significantly affects both the mag- 
nitude and angle of ground faults. There are three classes 
of grounding: ungrounded (isolated neutral), imped- 
ance-grounded (resistance or reactance), and effec- 
tively grounded (neutral solidly grounded). An un- 
grounded system is connected to ground through the 
natural shunt capacitance, as illustrated in Figure 2-18 
(see also Chapter 7). In addition to load, small (usually 
negligible) charging currents flow normally. 

In a symmetrical system, where the three capaci- 
tances to ground are equal, g equals n. If phase a is 
grounded, the triangle shifts as shown in Figure 2-18. 
Consequently, У, and У,, become approximately V3 
times their normal value. In contrast, a ground on one 
phase of a solidly grounded radial system will result 
in a large phase and ground fault current, but little 
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Figure 2-17 Phasor diagram for the ground directional 
relay connection shown in Figure 2-16. (Phase ‘‘a’’-to-ground 
fault is assumed on a solidly grounded system.) 


or no increase in voltage on the unfaulted phases 
(Figure 2-19). 


4.2.3 Fault Resistance 


Unless the fault is solid, an arc whose resistance varies 
with the arc length and magnitude of the fault current 
is usually drawn through air. Several studies indicate 
that, for currents in excess of 100 A, the voltage across 
the arc is nearly constant at an average of approximately 
440 V/ft. 

Arc resistance is seldom an important factor in phase 
faults except at low system voltages. The arc does not 
elongate sufficiently for the phase spacings involved to 
decrease the current flow materially. In addition, the 
arc resistance is at right angles to the reactance and, 
hence, may not greatly increase the total impedance 
that limits the fault current. 

For ground faults, arc resistance may be an important 
factor, because of the longer arcs that can occur. Also, 
the relatively high tower footing resistance may appre- 
ciably limit the fault current. 


Table 2-1 Major Types and Causes of 
Failures 


Type Cause 





Design defects or errors 
Improper manufacturing 
Improper installation 
Aging insulation 
Contamination 
Lightning surges 
Switching surges 
Dynamic overvoltages 
Coolant failure 
Overcurrent 
Overvoltage 

Ambient temperatures 
Overcurrent forces 
Earthquake 

Foreign object impact 
Snow or ice 


Insulation 


Electrical 


Thermal 


Mechanical 
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Figure 2-18 Voltage plot for a solid phase *a"-to-gr: _- . 
fault on an ungrounded system. 


Arc resistance is discussed in more detail in Chapter 
12. 


4.2.4 Distortion of Phases During Faults 


The phasor diagrams in Figure 2-20 illustrate the effect 
of faults on the system voltages and currents. The dia- 
grams shown are for effectively grounded systems. In 
all cases, the dotted or uncollapsed voltage triangle ex- 
ists in the source (the generator) and the maximum 
collapse occurs at the fault location. The voltages in 
between will vary between these extremes, depending 
on the point of measurement. 


5. SYMMETRICAL COMPONENTS 


Relay application requires a knowledge of system con- 
ditions during faults, including the magnitude, direc- 
tion, and distribution of fault currents, and often the 
voltages at the relay locations for various operating con- 
ditions. Among the operating conditions to be consid- 
ered are maximum and minimum generation, selected 
lines out, line-end faults with the adjacent breaker open, 
and so forth. With this information, the relay engineer 
can select the proper relays and settings to protect all 
parts of the power system in a minimum amount of 
time. Three-phase fault data are used for the application 
and setting of phase relays and single-phase-to-ground 
fault data for ground relays. 
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Figure 2-19 Voltage plot for a solid phase "a "-to-ground 
fault on a solidly grounded system. 
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Figure 2-20 Рһаѕог diagrams for the various types of solid 
faults occurring on a typical power system. 


The method of symmetrical components is the foun- 
dation for obtaining and understanding fault data on 
three-phase power systems. Formulated by Dr. C. L. 
Fortescue in a classic AIEE paper in 1918, the sym- 
metrical components method was given its first practical 
application to system fault analysis by C. F. Wagner 
and R. D. Evans in the late 1920s and early 1930s. 
W. A. Lewis and E. L. Harder added measurably to 
its development in the 1930s. 

Today, fault studies are commonly made with the 
digital computer and can be updated rapidly in response 
to systems changes. Manual calculations are practical 
only for simple cases. 

A knowledge of symmetrical components is impor- 
tant in both making a study and understanding the data 
obtained. It is also extremely valuable in analyzing faults 
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and relay operations. A number of protective relays 
are based on symmetrical components, so the method 
must be understood in order to apply these relays 
successfully. 

In short, the method of symmetrical components is 
one of the relay engineer's most powerful technical tools. 
Although the method and mathematics are quite sim- 
ple, the practical value lies in the ability to think and 
visualize in symmetrical components. This skill requires 
practice and experience. 


5.1 Basic Concepts 


The method of symmetrical components consists of re- 
ducing any unbalanced three-phase system of phasors 
into three balanced or symmetrical systems: the posi- 
tive, negative, and zero-phase sequence components. 
This reduction can be performed in terms of current, 
voltage, impedance, and so on. 

The positive sequence components consist of three 
phasors equal in magnitude and 120? out of phase. The 
negative sequence components are three phasors equal 
in magnitude, displaced 120? with a phase sequence 
opposite to that of the positive sequence (Figure 2-21b). 
The zero-phase sequence components consist of three 
phasors equal in magnitude and in phase, as shown in 
Figure 2-21c. Note all phasors rotate in a counterclock- 
wise direction. 

In the following discussion, the subscript 1 will iden- 
tify the positive sequence component, the subscript 2 
the negative sequence component, and the subscript 0 
the zero sequence component. For example, V,, is the 
positive sequence component of phase-a voltage, УЬ, 
the negative sequence component of phase-b voltage, 
and V.o the zero sequence component of phase-c volt- 
age. All components are phasor quantities, rotating 
counterclockwise. 

Since the three phasors in any set are always equal 
in magnitude, the three sets can be expressed in terms 
of one phasor. For convenience, the phase-a phasor is 





Уса 
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Figure 2-21 Sequence components of voltages. 
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used as a reference. Thus, 


Positive Negative Zero 

sequence sequence sequence 

Va = Va Va = У, Vio z Vao (2-12) 
Мы = a? Va Vio = ау, Уш = Vao 


Ver = ау Va mud Va. Vo= V 


The coefficients a and a? are operators that, when mul- 
tiplied with a phasor, result in a counterclockwise an- 
gular shift of 120 and 240°, respectively, with no change 
in magnitude. 


а = 1z120? 

= —0.5 + j 0.866 Q-13) 
a? = 17240? 

= -0.5 — j 0.866 (2-14) 
a? = 1/360° 

=10+]0 (2-15) 


From these equations, useful combinations сап be derived 
1+а+а?=0 


4/3 230% (2-16) 


la 


or 


a? – 1 = V3 210° 


а-1- V3 150% (2-17) 
or 

1- а = V32-30° 

а? — а = V3 /270° (2-18) 
Or 

а-а? = V3 /90° (2-19) 


Any three-phase system of phasors will alwavs be the 
sum of the three components 


V, = Va + Va + Vo (2-20) 
У = Vor + Vez + Уш 

= а?у, + aV, + Ум (2-21) 
У = Va + Va + Vo 
aV, + а?У„» + Ум (2-22) 


ІІ 


Since phase a has been chosen as а reference, the sub- 
scripts are often dropped for convenience. Thus, 


19 

У, = У, + У, + Vo 
and 

= 1+1 +1 

V, = а?Ү, + ау, + Vo (2-23) 
апа 

I, = al, + al, + 1, 

Vo = ау, - ау. + У, (2-24) 
апа 

I. = al, - al - I, (2-25) 


Quantities Vi, V,, Vo. L. I. and I. can always be 
assumed to be the phase a components. Note that the 
b and c components always exist, as indicated by Equa- 
tion (2-12). Note that dropping the phase subscripts 
should be done with great care. Where. any possibility 
of misunderstanding can occur, the additional effort of 
using the double subscripts will be rewarded. 

Equations (2-20) to (2-22) can be solved to yield the 
sequence components for a general set of three-phase 
phasors 


1 А 
Уа = 3 (Van + а, + a^ V4) 


1 
Li = 3 (I, + al, + а?) (2-26) 


1 
Уз = 3 (Уш + a? Vog + aV.) 


1 
І = 3 (L + а?1„ + al.) (2-27) 


1 
Vio = 3 (Vas ae Vog d Уш) 


А 
I, = 3 (le + I, + I.) (2-28) 


A sequence component cannot exist in only one phase. 
If anv sequence component exists by measurement or 
calculation in one phase. it exists in all three phases, as 
shown in Equation (2-12) and Figure 2-21. 


5.2 System Neutral 


Figure 2-22 describes the definition of power-system 
neutral and contrasts it with ground. Neutral is estab- 
lished by connecting together the terminals of three 
equal resistances as shown with each of the other re- 
sistor terminals connected to one of the phases. 
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Figure 2-22 Power system neutral. 


We can now write 
= Ум + Vag 
= Vin + Vag 
Vog = Ven + Уш 


св 


(2-29) 


From Equation (2-28) 
1 
Vy = 3 (Vas E Vog E Уш) 
Substituting Equation (2-29), we obtain 
1 
Vo = з (Van Мас МозлеМы t Vast Vae) 
Since V, + Von + Ven = 0, 


Vo 


1 


1 
5 (ЗУ) 


Vo = У, 


ng 


Neutral and ground are distinctly independent and dif- 
fer in voltage by Vo. 

Grounding and its influence on relaying are discussed 
in Chapters 7 and 12. 


5.3 Sequences іп a Three-Phase Power System 


Several important assumptions are made to greatly sim- 
plify the use of symmetrical components in practical 
circumstances. Interconnections of the three sequence 
networks allow any series or shunt discontinuity to be 
investigated. For the rest of the power-system network, 
it is assumed that the impedances in the individual phases 
are equal and the generator phase voltages are equal 
in magnitude and displaced 120° for one another. 
Based on this premise, in the symmetrical part of the 
system, positive sequence current flow produces only 
positive sequence voltage drops, negative sequence cur- 
rent flow produces only negative sequence voltage drops, 
and zero sequence current flow produces only zero se- 
quence voltage drops. For an unsymmetrical system, 
interaction occurs between components. For a partic- 
ular series or shunt discontinuity being represented, the 
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interconnection of the networks produces the required 
interaction. 

Any circuit that is not continuously transposed will 
have impedances in the individual phases that differ. 
This fact is generally ignored in making calculations 
because of the immense simplification that results. From 
a practical viewpoint, ignoring this effect, in general, 
has no appreciable influence. 


5.4 Sequence Impedances 


Quantities Z,, 7, and Z, аге the system impedances 
to the flow of positive, negative, and zero sequence 
currents, respectively. Except in the area of a fault or 
general unbalance, each sequence impedance is consid- 
ered to be the same in all three phases of the sym- 
metrical system. A brief review of these quantities is 
given below for synchronous machinery, transformers, 
and transmission lines. 


5.4.1 Synchronous Machinery 


Three different positive sequence reactance values are 
specified. Ху indicates the subtransient reactance, X4 
the transient reactance, and X, the synchronous reac- 
tance. These direct-axis values are necessary for cal- 
culating the short-circuit current value at different times 
after the short circuit occurs. Since the subtransient 
reactance values give the highest initial current value, 
they are generally used in system short-circuit calcu- 
lations for high-speed relay application. The transient 
reactance value is used for stability consideration and 
slow-speed relay application. 

The unsaturated synchronous reactance is used for 
sustained fault-current calculation since the voltage is 
reduced below saturation during faults near the unit. 
Since this generator reactance is invariably greater than 
100%, the sustained fault current will be less than the 
rated machine load current unless the voltage regulator 
boosts the field substantially. 

The negative sequence reactance of a turbine gen- 
erator is generally equal to the subtransient Ху reac- 
tance. X, for a salient-pole generator is much higher. 
The flow of negative sequence current of opposite phase 
rotation through the machine stator winding produces 
a double frequency component in the rotor. As a result, 
the average of the subtransient direct-axis reactance and 
the subtransient quadrature-axis reactance gives a good 
approximation of negative sequence reactance. 

The zero sequence reactance is much less than the 
others, producing a phase-to-ground fault current mag- 
nitude [3/(x, + x, + ху) | greater than the three-phase 
fault current magnitude (1/x,). Since the machine is 
braced for only three-phase fault current magnitude, it 
is seldom possible or desirable to ground the neutral 
solidly. 
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The armature winding resistance is small enough to 
be neglected in calculating short-circuit currents. This 
resistance is, however, important in determining the dc 
time constant of an asymmetrical short-circuit current. 

Typical reactance values for synchronous machinery 
are available from the manufacturer or handbooks. 
However, actual design values should be used when 
available. 


5.4.2 Transformers 


The positive and negative sequence reactances of all 
transformers are identical. Values are available from 
the nameplate. The zero sequence reactance is either 
equal to the other two sequence reactances or infinite 
except for the three-phase, core-type transformers. In 
effect, the magnetic circuit design of the latter units 
gives them the effect of an additional closed delta wind- 
ing. The resistance of the windings is very small and 
neglected in short-circuit calculations. 

The sequence circuits for a number of transformer 
banks are shown in Figure 2-23. The impedances in- 
dicated are the equivalent leakage impedances between 
the windings involved. For two-winding transformers, 
the total leakage impedance Z,;; is measured from the 
L winding, with the Н winding short-circuited. “нг is 
measured from the H winding with the L winding shorted. 
Except for a 1:1 transformer ratio, the impedances have 
different values in ohms. On a per unit basis, however, 
ін equals “ні. 

For three-winding and autotransformer banks, there 
are three leakage impedances: 





Winding Shorted Open 
Impedance measured from winding winding 
Zum(Zu) H M(L) L(T) 
Zu (Zur) H L(T) M(L) 
Zw (211) мт) L(T) н 


Both winding conventions shown above аге іп common 
use. In the first convention, the windings are labeled 
Н (high). L (low), M (medium): in the second. Н (high). 
L (low), and T (tertiary). Unfortunately, the L winding 
in the second convention is equivalent to M in the first. 
The tertiary winding voltage is generally the lowest. 
On a common КУА base, the equivalent wye leakage 
impedances are obtained from the following equations: 


1 
2н = 5 (Zum + Zur — Zu) 
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or 
1 
Zy = 5 Zu. + Zur — Zi) 


1 
24 = 5(4нм + Zu Za) 


or 


2: - lS - ер - Zug) 
7. = {iZi - Zu - “нм? 
or 
1 
Zr = 5 (Zur + Zir - Аш) 


As a check, Z plus 2м equals “нм. and so on. The 
wye is a mathematical equivalent valid for current and 
voltage calculations external to the transformer bank. 
The junction point of the wye has no physical signifi- 
cance. One equivalent branch, usually 2м (21), may 
be negative. On some autotransformers, Zy is negative. 

The equivalent diagrams shown in Figure 2-23 are 
satisfactory when calculations are to be made relative 
to one segment of a power system. However, a more 
complex representation is required when phase currents 
and voltages are to be determined at points in the sys- 
tem having an intervening transformer between them 
and the point of discontinuity being examined. For delta- 
wye transformers, a 30° phase shift must be accom- 
modated. For ANSI standard transformers, the high- 
voltage phase-to-ground voltage leads the low-voltage 
phase-to-ground voltage by 30°, irrespective of which 
side the delta or wye is on. This phase shift may be 
included in the equivalent per unit diagram by showing 
a 1 230°:1 ratio for it. 

The phase shift in the negative sequence network for 
the delta-wye transformer is the same amount, but in 
the opposite direction, to that in the positive sequence 
network. The phase shift, then for an ANSI standard 
transformer, would be 1 Z —30*:1 in the negative se- 
quence per unit diagram. 

The phase shift must be used in all the combinations 
of Figure 2-23 where a wve and delta winding coexist. 
This effect is extremely important when consideration 
is being given to the behavior of devices on both sides 
of such a transformer. 


5.4.3 Transmission Lines 


For transmission lines. the positive and negative se- 
quence reactances are the same. As a rule of thumb, 
the 60-Hz reactance is roughly 0.8 Өлті for single con- 
ductor overhead lines and 0.6 О/ті for bundled over- 
head lines. 
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Three Winding Transformers 
Three-Phose Zero Sequence Positive or 
Connection Circuit Negative 

Sequence 


Figure 2-23 Equivalent positive, negative, and zero sequence circuits for some common and theoretical connections for two 


and three winding transformers. 


The zero sequence impedance is always different from 
the positive and negative sequence impedances. It is a 
loop impedance (conductor plus earth and/or ground 
wire return), in contrast to the one-way impedance for 
a positive and negative sequence. Zero sequence 
impedance can vary from 2 to 6 times X,; a rough 
average for overhead lines is 3 to 3.5 X,. 

The resistance terms for the three sequences are usu- 
ally neglected for overhead lines, except for lower-volt- 
age lines and cables. In the latter cases, line angles of 
30 to 60% may exist, and resistance can be significant. 
A good compromise is to use the impedance value rather 
than reactance and neglect the angular difference in 
fault calculations. This yields a lower current to assure 
that the relay will be set sensitively enough. 

Zero sequence mutual impedance resulting from par- 
alleled lines can be in order of 50 to 70% of the zero 
sequence self-impedance. This mutual impedance be- 
comes an increasingly important factor as more lines 
are crowded into common rights of way. 


5.5 Sequence Networks 


With the system assumed to be balanced or symmetrical 
to the point of unbalance or fault, the three sequence 
components are independent and do not react with each 
other. Thus, three network diagrams are required to 
separate the three sequence components for individual 
consideration: one for positive, one for negative, and 
one for zero sequence. These sequence network dia- 
grams consist of one phase to neutral of the power 
system, showing all the component parts relevant to the 
problem under consideration. Typical diagrams are il- 
lustrated in Figures 2-24 through 2-26. 

The positive sequence network (Figure 2-24) must 
show both the generator voltages and impedances of 
the generators, transformers, and lines. Balanced loads 
may be shown from any bus to the neutral bus. Gen- 
erally, however, balanced loads are neglected. Com- 
pared to the system low-impedance high-angle quan- 
tities, they have a much higher impedance at a very low 
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Figure 2-24 Example system and positive sequence network. 


angle. In short, balanced loads complicate the calcu- 
lations and generally do not affect the fault currents 
significantly. 

With two exceptions, the negative sequence network 
(Figure 2-25) will be a duplicate of the positive sequence 
network: (1) There will be no generator voltages, since 
synchronous machines generate a positive sequence only, 
and (2) the negative sequence reactance of synchronous 
machinery may be different from the positive, as pre- 
viously described. For all practical calculations involv- 
ing faults or discontinuities remote from the generating 
plant, however, X, is assumed to be equal to X,. 

The zero sequence network (Figure 2-26) is quite 
Jifferent from the other two. First of all, it has no 
voltage: Rotating machinery does not produce zero se- 
juence voltage. Also, the transformer connections re- 
quire special consideration and grounding impedances 
must be included. Figure 2-23 shows the zero sequence 
circuits for many transformers. 

A three-line system diagram is usually not required 
:o determine the zero sequence network, but if a ques- 
Поп arises as to the flow of zero sequence currents, the 
three-line diagram can be useful. From this three-phase 
system diagram, the zero sequence network require- 
ments can be resolved by determining whether or not 
equal and in-phase currents can exist in each of the 
three phases. If the zero sequence current component 
can flow, the zero sequence network must reflect its 
path. 

For simplicity, Figure 2-27 shows the generators sol- 
idly grounded. In practice, however, solid grounding is 
seldom used. 
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Figure 2-25 Negative sequence network for example 
system, 


5.6 Sequence Network Connections and 
Voltages 


The current flow direction and voltage connections il- 
lustrated in Figure 2-28 must be followed for Equations 
(2-29), (2-30), and (2-31) to apply. Current reference 
direction in any circuit element must be the same in all 
three networks to avoid confusion. Current flow in one 
or more of the networks may reverse for some types of 
unbalances, particularly if the networks are complex. 
Reverse flow should be treated as a negative current to 
ensure that it will be properly subtracted when deter- 
mining the phase currents. 

Each sequence network is. of course. a per unit dia- 
gram representing one of the three phases of the svm- 
metrical power system. Therefore. a resistor (reactor. 
impedance} connected between the system neutral and 
ground. as shown in Figure 2-28. must be multiplied by 
3 as indicated. In the system. 3I, flows through Қ; in 
the zero sequence network. however, 1, flows through 
3R. producing an equivalent voltage drop. 


5.7 Network Connections for Fault and General 
Unbalances 


The sequence networks can be interconnected at a point 
of discontinuity, such as a fault. In such areas, negative 
and zero sequence voltages are generated, as previously 
described. Sequence network connections for various 
types of common faults are shown in Figures 2-29 through 
2-32. From the three-phase diagrams of the fault area. 
the sequence network connections representing the fault 
can be derived. These diagrams do not show fault 
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Figure 2-26 Zero sequence network for example system. 
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Figure 2-27 Example system (generators shown solidly grounded for simplification). 


In the positive sequence network, the voltage drop at any point 


in the network is: 
УІ = Van- È I, 71 


Where È 1, Z, is the phasor sum of the I, Z,drops from the 
neutral or zero potential bus (N ,)to the point where the voltage 
is to be determined. 


FANR Fans 





In the negative sequence network, the voltage drop at any point 
in the network is: 
Уз = O-2Z Ig 2, 


Where 2 Ig 22 is the phasor sum of the 1272 drops from the 
neutral or zero potential bus (М2) to the point where the voltage 
is to be determined. 


F2 
— «— 
I2R Vor 128 
+ 
М2 


In the zero sequence network, the voltage drop at any point 
in the network is: 
Vo = -21020 


Where is the phasor sum of the 1020 drops from the 
zero potential bus (Мо) to the point where the voltage із to be 
determined. 





Figure 2-28 Sequence network connections and voltages. 


impedance, and fault studies do not include this effect 
except in very rare cases. The single-sequence imped- 
ance Z,, Z», Zo (practically equivalent to X,, X2, Xo) 
shown in the figures is the net impedance between the 
neutral bus and selected fault location. Based on zero 
load, all generated voltages (У,,) are equal and in phase. 

Since the three-phase fault is balanced, symmetrical 
components are not required for this calculation. How- 
ever, since the positive sequence network represents 
the system, the network can be connected as shown in 
Figure 2-29 to represent the fault. 

For a phase-a-to-ground fault, the three networks 
are connected in series (Figure 2-30). Figure 2-31 illus- 
trates a phase-b-c-to-ground fault and its sequence net- 
work interconnection. The phase-b-to-phase-c fault and 
its sequence connections are shown in Figure 2-32. 

Fault studies normally include only three-phase faults 
and single-phase-to-ground faults. Three-phase faults 
are the most severe phase faults, whereas single-phase- 
to-ground faults are the most common. Studies of the 
latter faults provide useful information for ground 
relaying. 

A fundamental study of both series and shunt un- 
balances was made by E. L. Harder in 1937. The shunt 
unbalances summarized in Figure 2-33 are taken from 
Harder's study. Note that all the faults shown in Figures 
2-29 through 2-32 are also represented in Figure 2-33. 

In Figure 2-33, the entire symmetrical power system 
up to a point x of the shunt connection is represented 
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Figure 2-29  Three-phase fault and its network connection. 
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Figure 2-30  Phase-to-ground fault and its sequence net- 
work connections. 


by a rectangular box. Inside the topmost box for each 
shunt condition is a four-line representation of the shunt 
to be connected to the system at point x. The three 
lower boxes for each shunt condition are the positive, 
negative, and zero sequence representation of the shunt. 

The sequence connections for the series unbalances, 
such as open phases and unbalanced series impedances, 
are shown in Figure 2-34. As before, these diagrams 
are taken from E. L. Harder's study. Here again, the 
diagrams inside the topmost box for each series con- 
dition represent the area under study, from point x on 
the diagrams left to point y on the right. The power 
system represented by the box is open between x and 
y to insert the circuits shown inside the box. Points x 
and y can be any distance apart, as long as there is no 
tap or other system connection between them. The pos- 
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Figure 2-31 Double phase-to-ground fault and its se- 
quence network connections. 
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Figure 2-32 Phase-to-phase fault and its sequence net- 
work connections. 


itive, negative, and zero sequence interconnections for 
the discontinuity shown in the top box are illustrated 
in the three boxes below it. 

Simultaneous faults require two sets of interconnec- 
tions from either Figures 2-33 or 2-34 or both. As shown 
in Figure 2-35, ideal or perfect transformers can be used 
to isolate the two restrictions. Perfect transformers are 
10096 efficient and have ratios of 1:1, 1:a, 1:a?. 

It is sometimes necessary to use two transformers as 
shown in Figure 2-35f. In this case, the first transformer, 
ratios 1:e 359°, 1:&!3®, and 1:1, represents the wye-delta 
transformer and the second transformer, the ratios 1:а7, 
1:8, 1:1, represents the b-to-neutral fault. These can be 
replaced by an equivalent transformer with ratios 
1:g 71150 Teen and 1:1. 

Figure 2-35a, for example, represents an open phase- 
a conductor with a simultaneous fault to ground on the 
x side. The sequence networks are connected for the 
open conductor according to Figure 2-34), with three 
1:1 perfect transformers providing the restrictions re- 
quired by Figure 2-33f. The manual calculations re- 
quired, which involve the solution of simultaneous 
equations, may be quite tedious. 


5.8 Sequence Network Reduction 


When manual calculations are performed, the complete 
system networks are reduced to the single impedance 
values of Figures 2-29 through 2-32. 

To simplify this reduction, with negligible effect on 
the results, the following basic assumptions are some- 
times made: 


All generated voltages are equal and in phase. 

All resistance is neglected. or the reactance of machines 
and transformers is added directly with line imped- 
ances. 

All shunt reactances are neglected, including loads, 
charging, and magnetizing reactances. 
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Note: 
a) Balonced load or three-line-to-ground fault with impedances. 9) A line-to—line fault through impedance. 
b) A three—line—to—ground fault. h) A line-to-line fault. 
с) A three-phose fault. i) A two-line-to—ground fault with impedonce. 
9) A shunt circuit open. j) A two-line~to—ground fault. 
е) А line—to—ground fault through on impedance. k) A three-line—to—ground fault with impedonce in phase o. 
f) A line-to—ground foutt, I) Unbolonced lood or three—line—to—ground fault with impedance. 
Figure 2-33 Sequence network interconnections for shunt balanced and unbalanced conditions. 
All mutual reactances are neglected, except on parallel The single-sequence impedances, Z,, Z, and Zo, of 
lines. Figures 2-29 through 2-32 will be different for each fault 


location because of the different network reductions. 
During the network reduction, the distribution of cur- 
rents in the various branches should be calculated, both 
as a check and to determine the current flow through 
the relays involved in a fault. These distribution factors 
are calculated with the assumption that 1 per unit cur- 
rent flows in these single-sequence impedances at the 
fault or point of discontinuity. 

Network reduction calculations for the system of Fig- 
ure 2-24 are illustrated in Figures 2-36, 2-37, and 2-38. 
In these figures, X,, X5, and X, are the impedances 


By using these assumptions, the positive sequence net- 
work can be drawn with a single-source voltage V,, 
connected to the generator impedances by a bus. 

If voltages are different, either the voltages must be 
retained in the network or Thevenin theorem and su- 
perposition must be used to reduce the network and 
calculate fault currents and voltages. Note that, for the 
series unbalances of Figure 2-34, a difference in volt- 
age—either magnitude, phase angle, or both—is re- 
quired for current to flow. 
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Figure 2-34 Sequence network interconnections for series balanced and unbalanced conditions. 


between the neutral bus and the fault at bus С; Iig, 
Lr, brs Loz, lors Io are the per unit distribution factors. 
L, L, and I, are all assumed to be equal to 1 per unit. 

Analog or digital studies should be tailored to pro- 
duce outputs that allow each branch current in each 
network to be identified. For single-phase-to-ground 
faults, 31; is required for relays. 

When using the computer for sequence network re- 
duction, the impedance data are input for the positive 
and zero sequence networks, along with bus and fault 
node points. The network is then solved for three-phase 
and single-phase-to-ground faults. Tabulated printed data 
are provided for phase-a fault current and three-phase 
fault voltages. along with the corresponding 31, ЗУ, 
values for the phase-to-ground fault. I; and V, values 
should also be obtained for negative sequence relays. 

These voltage and current values are needed for not 
only faults near the relay, but also those several buses or 
lines away. Among the operating conditions normally 
considered are maximum and minimum generation, se- 
lected lines out of service, and line-end faults where the 


adjacent breaker is open. This information allows the 
correct relay types and settings to be selected in a mini- 
mum amount of time for the entire power system. 

The following steps must be performed for calculat- 
ing fault currents and voltages: 


Obtain a complete single-line diagram for the entire 
system, including generators, transformers, and 
transmission lines, along with the positive negative 
and zero sequence impedances for each component. 

Prepare a single-line impedance diagram from the system 
diagram or establish the nodes in a digital study for 
the positive, negative, and zero sequence networks. 

Reduce the impedance values of all network branches 
to a common base. Values may be expressed in per 
unit on a common kVA base, or as ohms impedance 
on а common voltage base. 

Obtain, or have the computer obtain, the equivalent 
single impedance of each sequence network, current 
distribution factors, and equivalent source voltage 
for the positive-phase sequence network. АП guan- 
tities must be referred to the proper base. 
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Note: 


d) Phase a-to-ground fault at x and a b-phase-to-ground fault at y. 


8) One phase open and a fault to ground. 
d Phase a open and b-phase-to-ground fauk. 
c) Phase a open and c-phase-to-neutral fault. 


е) A b-to-c fault at x, and b phase open z to y. 
f) Phase a-to-neutral fault at x, phase b-to-neutral fault on other side of 
star-delta transformer bankat y xis taken as the reference point. 


Figure 2-35 Representations for simultaneous unbalances. 


Interconnect the networks or utilize the computer pro- 
gram to represent the fault type involved, and cal- 
culate the total fault current at the fault. 

Determine the current distribution and voltages as re- 
quired in the system. Total fault current is seldom 
of use as relays generally see a fraction of that current 
except for radial circuits. 


5.9 Example of Fault Calculation on a Loop- 
Type Power System 


For the typical loop system shown in Figure 2-39, the 
generator units at stations D, S, or E could each be 


combinations of several machines. Alternately, they could 
represent the equivalent of a complex system up to the 
bus. All the impedances have been reduced to a com- 
mon base, as indicated in the diagram. The positive 
sequence network for this system is shown in Figure 2- 
40, the zero sequence network in Figure 2-41. The neg- 
ative sequence network is equal to Figure 2-40, except 
that Ум is not present. 

To perform this sample calculation of a phase-to-ground 
fault on the bus at station D, the networks must be re- 
duced to a single reactance value between the neutral bus 
and fault point. Of the several delta loops, at least one 
must be converted to wye-equivalent in order to reduce 
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Figure 2-36 Network reduction for example system (Fig- 
ure 2-24) fault at bus G. 


the networks. After one loop is chosen, arbitrarily, the 
equivalent X, Y, Z branches for an equivalent wye are 
dotted in as shown in Figures 2-40 and 2-41. 

The X, Y, Z conversion from delta to wye-equivalent 
is a simple process: The X branch of the wye-equivalent 
is the product of the two delta reactances on either side, 
divided by the sum of the three delta impedances. The 
same relation applies to the Y and Z branches. Thus, 
in Figures 2-40 and 2-41, the networks are reduced as 
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Figure 2-37 Network reduction and current distribution. 
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Figure 2-38 Final network reduction for fault at bus G in 
Figure 2-24. 


follows: 


Positive and negative Zero sequence 











sequence networks network 
x, = 202 руы x =H = јол 
y, = BAM із y, = f = jas 
z = SAE = уз 2-2. i 


The networks now reduce to the simpler forms shown 
in Figure 2-40c. Since the two upper branches of each 
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Figure 2-39 Single line diagram for a typical loop-type 
power system. 
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Reduces to: 


(b) 


(с) 


(а) 


(е) 


Figure 2-40 Positive sequence network reduction for the 
system of Figure 2-39. 


network are in parallel, they can be reduced as follows: 


Positive and negative Zero sequence 





sequence networks network 
0.4716 0.5284 0.2594 0.7406 
44.52 x 49.87 56.8 х 162.2 
94,39 219.0 
- 23,52 - 42.07 


These reductions are shown in Figures 2-40d апа 2-41с. 
The remaining branches are in parallel and can also be 
reduced: 
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3120 (а) 








(b) 





10.72 342.07 1.0 
> 


(с) 





(d) 


Figure 2-41 Zero sequence network reduction for the sys- 
tem of Figure 2-39. 


Positive and negative Zero sequence 








sequence networks network 
0.4621 0.5379 0.8106 0.1894 
34.36 x 40 42.79 x 10 
ХІ = Х2------ жукте =, 
74.36 m 52.79 
= j 18.48% = j 8.11% 


The numbers written above the equations аге the dis- 
tribution factors for the parallel circuits. These factors 
are expressed as the ratio of each term in the numerator 
and denominator. Determining these factors provides 
a convenient check on the calculations, since the sum 
of the two fractions must be 1. 

Distribution factors can be determined by working 
back through the reduction. The factors should be writ- 
ten on the diagrams as shown in Figure 2-42. 
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The distribution factors for the upper parallel branches 
of Figure 2-40c are determined as follows: 


Positive sequence network 
44.52% branch: 0.5284 x 0.5379 = 0.2842 
49.87% branch: 0.4716 x 0.5379 = 0.2537 


0.5379 (check) 


The distribution factors in the zero sequence network 
are 


Zero sequence network 
162.296 branch: 0.2594 x 0.1894 — 0.0491 
56.896 branch: 0.7406 x 0.1895 - 0.1403 


0.1894 (check) 


In turn, these distribution factors are added to the dia- 
gram, as shown in Figure 2-42b. 

The delta current distribution factors are obtained 
from the X, Y, Z equivalents. The conversion technique 
is straightforward: The voltage drop across two of the 
wye branches is equivalent to the drop across the delta 
branch. Calculating from Figure 2-40c, we obtain 





(a) Positive and Negative Sequence Current 





(b) Zero Sequence Current 


Figure 2-42 Per unit current distribution for AG fault at D. 
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Positive sequence network 

0.5379 x j 10.84 + 0.2842 x j 4.52 
j 28 

0.5379 x j 10.84 + 0.2537 x j 3.87 
124 

-0.2537 + j 3.87 + 0.2842 x j 4.52 
j 10 





= 0.2541 





= 0.2838 





= 0.0301 


Zero sequence network 
0.1894 x j 0.72 + 0.1403 x j 4.52 
16 
0.1894 x j 0.72 + 0.0491 x j 7.20 
j 24 
—0.0491 + j 7.20 + 0.1403 x j 4.8 
j 60 | 





= 0.1350 





= 0.0544 





= 0.0053 


Figure 2-42 shows the complete per unit distribution 
for the original network of Figure 2-39. 

The three networks are connected in series for the 
phase-to-ground fault (Figure 2-28). For convenience, 
the sequence currents are calculated in per unit values 


I, = I. = I, 
110 
ОА — PURIS — PÓGRII 





100% (1 p.u. base) current is 


ia kVA base 
В N3kV 
100,000 

МЗ x 110 


524.86 A at 110 kV 
=Ь=Ь 

= 2.22 х 524.86 

= 1164.55 А at 110 kV 


The current flowing in each branch of the networks can 
now be determined by multiplying the actual fault cur- 
rent by the distribution factor. These currents may be 
expressed in either per unit or ampere values. Currents 
in the fault are calculated for each phase as follows: 


L = 31, = 3L = 31, = 6.66 р.и. 


or 
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ч Load 
Va =23,155190° 
Vp =56,580[-13.59° 
Ve =56,580{193.59° Va=0 
Vp =57,609 [-17.30° Station D 
Starion S. Va =43.624190° Ve 257,609 197.3° Generator 
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Ve =59,565[202.56° 
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310=171.54 
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Note: 

Fault Values аге in Amperes and Volts at 110КУ. 

Since X, = Хә: 

las 1+12+10=211 +10 Station Е 

Ip= а | «algo -1, +10 Generator 
„= al, жа212410- -ц +10 


Figure 2-43 Current and voltage distribution for a single phase-to-ground fault at bus “D” of the system of Figure 2-37. 


I, = 3493.66 A 110 kV From Figure 2-42, first the sequence and phase voltages 
I, = (a?], + al, + Io) are calculated at bus 5 

= (-п +10) = 0 V, = j1.0 — 0.6297 х |0.24 
I, = (al, + al, + Io) = j1.0 — j0.1511 


=(-l 4-9 = j0.8489 p.u. (53,912.39 V) 


For each branch, the per unit positive, negative, and 


zero sequence currents can then be used to determine У, = 0 — 0.6297 x |0.24 


the individual phase currents by using Equations 2-23, = —j0.1511p.u. (9596.14 V) 
2-24 and 2-25. These are recorded in Figure 2-43. 
Next, the sequence and phase voltages at each bus V, = 0 — 0.1207 x |0.09 


are determined as in Figure 2-28. It is convenient to 
calculate the voltages in per unit values. Note that the 
impedances listed in Figure 2-39 appear in percent, rather 
than ohms, and may be converted easily to per unit. Vas У + V2 + Vo 

In the following calculations, the values in paren- = |0.6869р.и. (43,624.01 V) 
theses are volts, converted from the per unit values for 
the 110-kV system of Figure 2-39: 


= —j0.0109p.u. (692.24 V) 


Vog = a? V, + aV; + Vo 


Viine-to-neutrai = 1.0 piu. = 0.8489 / — 30° + 0.15117. +30° — j 0.0109 
_ 110,000 V = 0.7352 — j 0.4245 + 0.1309 + j 0.0756 — j 0.0109 
V3 = 0.8661 — j 0.3598 


63,508.53 V = 0.9379 / —22.56°p.u. (59,594.65 V) 
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Vig = aV, + a?V, + У, 
= 0.84897 210? + 0.15112 150° — j 0.0109 
— 0.7352 - j 0.4245 — 0.1309 + |0.0756 — 10.0109 
= -- 0.8661 — 0.3598 
= 0.93797 202.56? p.u. (59,564.65 V) 


І 


Next, the sequence and phase voltages are calculated 
at bus D, the fault location 


V, = j 1.0 — 1.0253 x j 0.40 
= j 1.0 — j 0.4101 
= |0.5899 р.а. (37.463.68 V) 
У,-0- 1.0253 x |0.40 
= -|0.4101р.и. (26,044.85 V) 
V, = 0 — 1.7986 x |01 
= —j0.1798p.u. (11,418.83 V) 
vag T 0 
Уы = 0.58997. — 30° + 0.4101230° — j 0.1798 
= 0.5109 — j 0.2950 + 0.3552 + j 0.2051 — j 0.1798 
= —0.8661 — j 0.2697 
= 0.90714 -17.30° p.u. (57,608.59 V) 
Vig = 0.5899/ 210° + 0.4101,150% — j 0.1798 
= 0.5109 — j 0.2950 - 0.3552 + j 0.2051 — j 0.1798 
— 0.8661 — j 0.2697 
0.90712. 197.30" р.и. (57,608.59 V) 


Il 


П 


Similarly, the sequence and phase voltages can be cal- 
culated at bus E 


V, = j 0.6352 р.а. (40,340.62 V) 


ag 











Vig = 0.95027. — 24.30° р.и. (60,345.80 V) 
Мы = 0.95022204.30° р.а. (60,345.80 V) 
б —+ lg n 1 -» 1A A 
8 ft nla 
Б — lp —.1B B 
43 dH nlb 
b sle Би 6 C Turns Ratio= 1 
TM ос Voltage Ratio= N 
High Side 1 Low Side kVog 
E A OT KVAB 
Neutral N ee Neutral N- ie 
c^ "Nb B N= J3n 


Figure 2-44 Connections and phasors for an ANSI stand- 
ard power transformer bank with the WYE connection on the 
high side (V,, leads Van by 30°). 
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Finally, the voltages are calculated at bus R 


Vag = j 0.3646 p.u. (23,155.21 V) 
Voe = 0.8909213.59° p.u. (56,579.75 V) 
Vig = 0.89092193.59° p.u. (56,579.75 V) 


The sequence voltages calculated above, as shown 
in Figure 2-43. complete the analysis of the single-phase- 
to-ground fault at bus D in the system of Figure 2-39. 
All the distributed current and voltage values for the 
system are displaved in Figure 2-43. 


5.10 Phase Shifts Through Transformer Banks 


In these fault calculations, the phase shifts through the 
wye-delta transformer banks were not considered. In 
this example, only a 110-kV system fault, with its cur- 
rents and voltages, was involved. The effect of the phase 
shift through the transformer banks could not, however, 
have been neglected if currents and voltages were re- 
quired for the opposite side of the power transformers. 

If the transformer bank is wye-connected on the high- 
voltage side, as shown in Figure 2-44, the general equa- 
tions for one phase are 


I, = n(I, - I) (2-30) 
Van = n(VA, — Уһ) = ПУАВ (2-31) 


The lowercase subscripts represent high-side quantities 
and the capital letter subscripts low-side quantities. In 
the balanced or symmetrical transformer bank, the se- 
quences are independent. 

Consequently, positive sequence only is first applied 
to Equations (2-30) and (2-31) 


Turns Ratio - 


RUM 
1 
à C Voltage Ratio - X 
High Side = Low Side 


ä A 
Neutral >b ee Neutral kVac 
п= — 
с B 





Figure 2-45 Connections and phasors for an ANSI stand- 
ard power transformer bank with the DELTA connection oz 
the high side (V,, leads Van by 30°). 
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I4, = n(L, — I5) 





== n(1,, ЕЕ ali) 
= n(1 — а) 
= nV3L,Z -30 
I4; = NI, = 30° (2-32) 
Ia 
LÉ——/30? 
Га № 
Va -а(Уд- Уы) (2-33) 
= n(Va, — а?У,1) 
= n(1 ғ- а2)У,, 
Va = nV3 Va, 230° 
Va = №МУА 430° (2-34) 
Va - 
Va, 7-30? 3-35 
Al N (2-35) 


Next, only negative sequence quantities are applied to 
Equations (2-30) and (2-31) 


Iaz = n(I ш 12) 
= n(L, 77 a?L,;) 


= п(1 == a?)L, 

= nV3 1,.230° 
I4; = МІ,-/30% (2-36) 
І, = la 4 —30° 2-37) 
a2 7 N ( z 


Vaz = (Уа - №) 
= n(Va; — аў) 
= n(1 — a)Va> 
= nv3 Va,Z —30° 


Vo = МУ, 34 - 30? 
Vig = E 230° 
A2 ~ N 


If a power transformer bank is connected delta on the 
high-voltage side, as shown in Figure 2-44, the general 
equations for one phase are 


I, - а, — Ip) (2-38) 


Va 


Ш 
ES 


- V) (2-39) 


Apply only positive sequence quantities to Equations 
(2-38) and (2-39) 





1 
In = a da ш Igi) 

1 2 

- = dn -= aIla) 
1 

--(1- a?)I 
a а?) А, 

1 
„УЗ зр 


I 
ы = 230 
al N 
Tai = NIA Z—30° 
1 
Vai = i (Va Бы Va) 


1 
z2 je: (Vai n aV) 
n 





Vai => al Z—30° 


Va = МУ, 230° 
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(2-40) 


(2-41) 


(2-42) 
(2-43) 


Then, applying only negative sequence quantities to 


Equations (2-38) and (2-39), we obtain 


1 
L; n (14; zx Ts) 


1 
" (la; = al4;) 


ll 
| 
— 
м 
| 
v 
— 
к- 
> 
N 


Va = = (Vaz m У.) 


(2-44) 
(2-45) 


(2-46) 





Phasors, Polarity, and Symmetrical Components 


Table 2-2 Phase Shift Relations for Power Transformer 
Banks 


High side in terms Low side in terms 





of low side* of high side? 
I 
la = a 230° 1. = NL, Z -30* 
- Va 
Ум = NV,, 230° Ум, = х 24—30° 
І, о 
І = <= 4 – 30° Lo = NL. 230 
N 
: Уаз 
М» = МУ. 2 – 30° Ns “ы. 230° 


“Тһе lowercase subscripts represent high-side quantities, and the cap- 
ital letter subscripts low-side quantities. 


Vo = МУ, Z —30° (2-47) 


If the bank is connected according to ANSI stan- 
dards, the formulas are the same and not dependent on 
whether the wye or the delta is on the high side. In 
either case, the positive sequence quantities are shifted 
30? in one direction, while the negative sequence quan- 
tities are shifted 30° in the opposite direction. These 
relations for ANSI standard connections are summa- 
rized in Table 2-2. Zero sequence quantities are not 
affected by phase shift. These either pass directly through 
the bank or, more commonly, are blocked by the con- 
nections. Thus, in a wye-delta bank, zero sequence cur- 
rent and voltage on one side cannot pass through the 
bank to the other side. 


5.11 Fault Evaluations 


The sample calculation of a phase-to-ground fault on a 
loop system (see Section 5.9) was made at no load; that 
is, before the fault all currents throughout the system 
were zero. 

With a ground fault, current flows in not only the 
faulted phase “а” but also the unfaulted "b" and “с” 
phases. The positive and zero sequence distribution fac- 
tors on any loop system will be different. Consequently. 
the positive, negative, and zero sequence currents will 
not add up to zero in the unfaulted phases. On a radial 
system (one with a source at one end only for both the 
positive and zero sequences), the three network distri- 
bution factors will all be equal to 1. For a phase-a-to- 
ground fault on these circuits, I, equals I., which equals 0. 

In practice, only 31, and related ЗУ,, V2, and I, values 
would be recorded for a phase-to-ground fault. The 
phase currents and voltages shown in Figure 2-43 were 
provided for academic purposes. 

The reason for showing 310, rather than the faulted 
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phase current, can be seen from Figure 2-43. In most 
circuits, there is a significant difference between :he I. 
and 3I, currents in any loop network. In a radial system. 
however, I, is equal to 31 and ground relays operate 
on 31. 

On phase-to-ground faults, the phase relays will re- 
ceive current and may start to operate. Coordination 
between ground and phase relays is usually not nec- 
essary. The principal reason there are so few coordi- 
nation problems is that phase relays must be set above 
load (5 A secondary), whereas ground relays are con- 
ventionally set at 0.5 to 1.0 A secondary. Since the 
ground relays are more sensitive, they will generally not 
miscoordinate with the phase relays. If higher ground 
settings are used, the likelihood of miscoordination is 
increased. 

Under any fault condition, the total current flowing 
into the ground must equal the total current flowing up 
the neutrals. With an autotransformer, however, cur- 
rent can flow down the neutral. In this case, the fault 
current plus the autotransformer neutral current equals 
the current up the other transformer neutrals. 

The convention that current flows up the neutral 
when current is flowing down into the earth at the fault 
has given rise to the idea that the grounded-wye-delta 
transformer bank is a ground source, a source of zero 
sequence current. This long-established idea is not, in 
fact, correct. The fault is the true source. It is a con- 
verter of positive sequence into negative sequence and, 
for ground faults, into zero sequence current. 

This is illustrated by a voltage plot for various faults 
on a simple system (Figure 2-46). For simplicity, assume 
Z, equals Z, equals Za. During faults, the voltage inside 
the generators does not change unless the fault persists 
long enough for the internal flux to change. No appre- 
ciable voltage change should occur in high- or medium- 
speed relaying. 

For a solid three-phase fault, the voltage at the fault 
is zero. Therefore, high positive sequence-phase cur- 
rents flow to produce the gradient shown in the plot of 
Figure 2-46. For a phase-to-phase fault. positive se- 
quence current from the generators is converted at the 
fault into negative sequence. which in tum Jows through 
the system. The same genera! conditions alse apply to 
phase-to-ground faults. except that since V, is zero. № 
and V. are negative. 

In summary. the positive sequence voltage is always 
highest at the generators or sources and lowest at a 
tault. In contrast. negative and zero sequence voltages 
are alwavs highest at the fault and lowest at the "sources." 

The phasor diagrams of Figure 2-20 illustrate the 
same phenomena, from a different viewpoint. In a three- 
phase fault, the voltages collapse symmetrically, except 
inside the generator. The three currents have a large 
symmetrical increase and lagging shift of angle. 
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Figure 2-46 Voltage gradient for various types of faults. 


Other phase faults shown in Figure 2-20 are char- 
acterized by the relative collapse of two of the phase- 
to-neutral voltages, compared to the relatively normal 
third phase-to-neutral voltage. Two of the phase cur- 
rents have a large lagging increase. 

For a single-phase-to-ground fault, on the other hand, 
one phase-to-neutral voltage is collapsed relative to the 
other two phases. Similarly, one phase current has a 
large value and lags the line-to-ground voltage. 

With wye-delta transformers between the fault and 
measurement point, the positive sequence quantities 
shift 30° in one direction, and the negative sequence 
quantities shift 30° in the opposite direction. As a result, 
a phase-to-ground fault on the wye side of a bank has 
the appearance of a phase-to-phase fault on the delta 
side. 

Figures 2-47 and 2-48 offer a final look at sequence 
currents and voltages for faults. Note that the positive 


sequence currents and voltages, shown in the left-hand 
columns, have approximately the same phase relations 
for all types of faults. At the fault are various nonsym- 
metrical currents and voltages, as shown in the far right- 
hand column. The negative and, sometimes, the zero 
sequence quantities provide the transition between the 
symmetrical left-hand column and nonsymmetrical right- 
hand column. These quantities rotate and change to 
produce the nonsymmetrical, or unbalanced, quantity 
when added to the positive sequence. 

These phasors can be constructed easily by remem- 
bering which fault quantity should be minimum or max- 
imum. In a phase c-a fault, for example, phase-b current 
will be small. Thus, Ij; will tend to be opposite I,,. 
Since phase-b voltage will be relatively uncollapsed, V,, 
and V, will tend to be in phase. After one sequence 
phasor is established, the others can be derived from 
Equation (2-12) and Figure 2-21. 





Phasors, Polarity, and Symmetrical Components 
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Fault Sequence Sequence Sequence Faull 
Currents Currents Currents Currents 
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Positive Negative Zero | 
Fault Sequence Sequence Sequence voltages 
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Figure 2-47 Sequence currents for various faults. Assumes 
Zi = у= Ды 


6. SYMMETRICAL COMPONENTS AND 
RELAYING 


Since ground relays operate from zero sequence quan- 
tities, all ground relay types use symmetrical compo- 
nents. A number of other protective relays use com- 
binations of the sequence quantities, as summarized in 
Table 2-3. 

A zero sequence (31) current filter is obtained by 
connecting three current transformers in parallel. A 
zero sequence (3У,) voltage filter is provided by the 
wye-grounded-broken-delta connection for a voltage 
transformer or an auxiliary. Positive and negative se- 
quence current and voltage filters are described in 
Chapter 3. 


E 
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Figure 2-48 Sequence voltages for various faults. Assumes 
Zi = 27; = Zo. 


Table 2-3 Protective Relays Using Symmetrical 
Component Quantities for Their Operation 








Device Sequence quantities 
no. Application used 
SON, 51М Ground overcurrent I 
59М Ground voltage V 
67N Ground directional I. with I. or V. I; or 
overcurrent VI. 
32N Ground product I: or L.. V, 
overcurrent 
21N Ground distance Ij. Vo 
L. Vy. V, + У, 
87 Phase and ground pilot K.L + K;L + Kolo 
46 Phase unbalance voltage У, 
46 Phase unbalance current L 


Blown fuse detection V, and not Ip 
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Basic Relay Units 


Original Authors: J. V. KRESSER and J. L. BLACKBURN 


1. INTRODUCTION 


Protective relays for power systems are made up of one 
or more fault-detecting or decision units, along with 
any necessary logic networks and auxiliary units. Be- 
cause a number of these fault-detecting or decision units 
are used in a variety of relays, they are called basic 
units. Basic units fall into several categories: electro- 
mechanical units, sequence networks, solid-state units. 
integrated circuits, and microprocessor architecture. 
Combinations of units are then used to form basic logic 
circuits applicable to protective relays. 


2. ELECTROMECHANICAL UNITS 


Four types of electromechanical units are widely used: 
magnetic attraction, magnetic induction, D’Arsonval, 
and thermal units. 


2.1 Magnetic Attraction Units 


Three types of magnetic attraction units are in common 
use: plunger (solenoid), clapper, and polar. The plunger 
unit, shown in Figure 3-1, is typically used in SC, SV, 
and ITH relays; the clapper-type unit (Figure 3-2) in 
SG, AR, ICS, IIT, and MG relays; and the polar-type 
unit (Figure 3-3) in HCB, HU, and PM-type relays. 


2.1.1 


Plunger units have cylindrical coils with an external 
magnetic structure and a center plunger. When the cur- 
rent or voltage applied to the coil exceeds the pickup 
value, the plunger moves upward to operate a set of 
contacts. The force F required to move the plunger is 
proportional to the square of the current in the coil. 
The plunger unit’s operating characteristics are largely 
determined by the plunger shape, internal core, mag- 
netic structure, coil design, and magnetic shunts. Plunger 
units are instantaneous in that no delay is purposely 


Plunger Units 
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introduced. Typical operating times are 5 to 50 msec, 
with the longer times occurring near the threshold val- 
ues of pickup. 

The unit shown in Figure 3-1а is used as а high- 
dropout instantaneous overcurrent unit. The steel plunger 
floats in an air gap provided by a nonmagnetic ring in 
the center of the magnetic core. When the coil is en- 
ergized, the plunger assembly moves upward. carrving 
a silver disk that bridges three stationary contacts (only 
two are shown). A helical spring absorbs the ac plunger 
vibrations. producing good contact action. The air gap 
provides a ratio of dropout to pickup of 90^ or greater 
Over a two-to-one pickup range. The pickup range can 
be varied from a two-to-one to a four-to-one range by 
the adjusting core screw. When the pickup range is 
increased to four to one, the dropout ratio will decrease 
to approximately 45%. 

The more complex plunger unit shown in Figure 
3-1b is used as an instantaneous overcurrent or voltage 
unit. An adjustable flux shunt permits more precise 
settings over the nominal four-to-one pickup range. This 
unit is relatively independent of frequency, operating 
on dc, 25-Hz, or nominal 60-Hz frequency. It is avail- 
able in high- and low-dropout versions. 


2.1.2 Clapper Units 


Clapper units have a U-shaped magnetic frame with a 
movable armature across the open end. The armature 
is hinged at one side and spring-restrained at the other. 
When the associated electrical coil is energized. the 
armature moves toward the magnetic core. opening or 
closing a set of contacts with a torque proportional to 
the square of the coil current. The pickup and dropout 
values of clapper units are less accurate than those of 
plunger units. Clapper units are primarily applied as 
auxiliary or go/no-go units. 

Four clapper units are shown in Figure 3-2. Those 
illustrated in Figures 3-2a and 3-2b have the same gen- 
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Plunger type units. 


eral design, but the first is for de service and the second 
for ac operation. In both units, upward movement of 
the armature releases a target, which drops to provide 
a visual indication of operation (the target must be reset 
manually). The dc ICS unit (Figure 3-2a) is commonly 
used to provide a seal-in around the main protective 
relay contacts. The ac IIT unit (Figure 3-2b) operates 
as an instantaneous overcurrent or instantaneous trip 
unit. It is equipped with a lag-loop to smooth the force 
variations due to the alternating current input. Its ad- 
justable core provides pickup adjustment over a nom- 
inal four-to-one range. 

The SG and MG clapper units (Figure 3-2c) provide 
a wide range of contact multiplier auxiliaries: The SG 
has provisions for four contacts (two make and two 
break), and the MG will accept six. The AR clapper 
unit (Figure 3-2d) operates in 2 to 4 ms, with four con- 
tacts suitable for breaker tripping. 


2.1.3 Polar Units 


Polar units (Figure 3-3) operate from direct current 
applied to a coil wound around the hinged armature in 
the center of the magnetic structure. А permanent mag- 
net across the structure polarizes the armature-gap poles, 
as shown. The nonmagnetic spacers, located at the rear 
of the magnetic frame, are bridged by two adjustable 
magnetic shunts. This arrangement enables the mag- 
netic flux paths to be adjusted for pickup and contact 
action. With balanced air gaps (Figure 3-3a), the flux 
paths are as shown and the armature will float in the 
center with the coil deenergized. With the gaps unbal- 
anced (Figure 3-3b), some of the flux is shunted through 
the armature. The resulting polarization holds the ar- 
mature against one pole with the coil deenergized. The 
coil is arranged so that its magnetic axis is in line with 
the armature, and at a right angle to the permanent 
magnet axis. Current in the coil magnetizes the arma- 
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Figure 3-3 Polar type unit. 


ture either north or south, increasing or decreasing any 
prior polarization of the armature. If, as shown in Fig- 
ure 3-3b, the magnetic shunt adjustment normally makes 
the armature a north pole, it will move to the right. 
Direct current in the operating coil, which tends to 
make the contact end a south pole, will overcome this 
tendency and the contact will move to the left. De- 
pending on design and adjustments, this polarizing ac- 
tion can be gradual or quick. The left-gap adjustment 
(Figure 3-3b) controls the pickup value, the right-gap 
adjustment the reset value. Some units use both an 
operating and a restraining coil on the armature. The 
polarity of the restraint coil tends to maintain the con- 
tacts in their initial position. Current of sufficient mag- 
nitude applied to the operating coil will provide a force 
to overcome the restraint, causing the contacts to change 
position. A combination of normally open or normally 
closed contacts is available. These polar units operate 
on alternating current through a full-wave rectifier and 
provide very sensitive, high-speed operation on very 
low energy levels. 
The operating equation of the polar unit is 


KL, — Kj, = (3-1) 


Ф 


where К, and К, аге adjusted by the magnetic shunts; 
K, is a design constant; is the permanent magnetic 
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2.2 Magnetic Induction Unrts 

There are two general types -Imanin 722201712215 
induction disc and cylinder units Tre DI InIT ғы 
unit (Figure 3-4) is typically used in Се. 78. IRV. 


IRD, CW, CA, and CM relays. The 2. 22222 „лл 


ure 3-6) is most commonly used in RD-:ze. NC. NIN: 
КЕ, KRD, KRC, and КЕР relays. 


221 Induction Disc Units 


Originally, induction disc units were based oc 17: 
watthour meter design. Modern units, however. 2- 
though using the same operating principles are quite 
different. All operate by torque derived from the in- 
teraction of fluxes produced by an electromagnet with 
those from induced currents in the plane of a rotatable 
aluminum disc. The E unit, in Figure 3-4a, has three 
poles on one side of the disc and a common magnetic 
member or “keeper” on the opposite side. The main 
coil is on the center leg. Current I in the main coil 
produces flux, which passes through the air gap and disc 
to the keeper. (A small portion of the flux is shunted 
off through the side air gap.) The flux фу returns as фу 
through the left-hand leg and фь through the right-hand 
leg, where фт = ó, + op. A short-circuited lagging 
coil on the left leg causes ф to lag both фр and фт, 
producing a split-phase motor action. (The phasors are 
shown in Figure 3-5). 

Flux b; induces voltage V,, and current I, flows, 
essentially in phase, in the shorted lag coil. Flux фт is 
the total flux produced by main coil current, I. The 
three fluxes cross the disc air gap and induce eddy cur- 
rents in the disc. These eddy currents react with the 
pole fluxes and produce the torque that rotates the disc. 
With the same reference direction for the three fluxes 
as shown in Figure 3-5b, the flux shifts from left to right 
and rotates the disc clockwise, as viewed from the top. 

There are many alternate versions of the induction 
disc unit. The unit shown in Figure 3-4, for example 
may have a single current or voltage input. The disc 
always moves in the same direction. regardless ot the 
direction of the input. If the lag coil is open. no torque 
will exist. Other units can thus control torque in the 
induction disc unit. Most commonly. a directional unit 
is connected in the lag coil circuit. When the directional 
unit's contact is closed, the induction disc unit has torque; 
when the contact is open. the unit has no torque. 

Induction disc units are used in power or directional 
applications by substituting an additional input coil for 
the lag coil in the E unit The phase relation between 
the two inputs determines the direction of the operating 
torque. 
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Figure 3-4 Induction disc unit. 
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Figure 3-5  Phasors and operations of the “E” unit induc- 
tion disc. 


A spiral spring on the disc shaft conducts current to 
the moving contact. This spring, together with the shape 
of the disc (an Archimedes spiral) and design of the 
electromagnet, provides a constant minimum operating 
current over the contact travel range. A permanent 
magnet with adjustable keeper (shunt) dampens the 
disc, and magnetic plugs in the electromagnet control 
the degree of saturation. The spring tension, damping 
magnet, and magnetic plugs allow separate and rela- 
tively independent adjustment of the unit’s inverse-time 
current characteristics. 


2.2.2 Cylinder Units 


The operation of a cylinder unit is similar to that of an 
induction motor with salient poles for the stator wind- 
ings. Shown in Figure 3-6, the basic unit used for relays 
has an inner steel core at the center of the square elec- 
tromagnet, with a thin-walled aluminum cylinder ro- 
tating in the air gap. Cylinder travel is limited to a few 
degrees by the moving contact attached to the top of 
the cylinder and the stationary contacts. A spiral spring 
provides reset torque. 

Operating torque is a function of the product of the 
two operating quantities applied to the coils wound on 
the four poles of the electromagnet, and the cosine of 
the angle between them. The torque equation is 


T = KLI, cos(ó;; — ф) – K, (3-2) 


where К and ф are design constants; I, and 1, are the 
currents through the two coils; фу» is the angle between 
I, and І;; and Қ is the restraining spring torque. Dif- 
ferent combinations of input quantities can be used for 
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Figure 3-6 Cylinder unit. 


different applications, system voltages or currents, or 
network voltages. 


2.3. D’Arsonval Units 


In the D’Arsonval unit, shown in Figure 3-7, a magnetic 
structure and an inner permanent magnet form a two- 
pole cylindrical core. A moving coil loop in the air gap 
is energized by direct current, which reacts with the air 
сар flux to create rotational torque. The D’Arsonval 
unit operates on very low energy input, such as that 
available from dc shunts, bridge networks, or rectified 
ас. The unit can also be used as a de contact-making 
milliammeter or millivoltmeter. 


2.4 Thermal Units 


Thermal units consist of bimetallic strips or coils that 
nave one end fixed and the other end free. As the 


43 





Nour re Surface 





Air Gap 









1i—— Brass Spacers 
and Mounting 
Blocks 

-Permanent Magnet 


[ — Iron Pole Shoes 











Moving Coil 








px— Frame Casting 


Brass Spacers cvs 
Mountrg B ccs 


Figure 3-7 D’Arsonval type unit. 


temperature changes, the different coefficients of ther- 
mal expansion of the two metals cause the free end of 
the coil or strip to move. A contact attached to the free 
end will then operate based on temperature change. 


3. SEQUENCE NETWORKS 


Static networks with three-phase current or voltage in- 
puts can provide a single-phase output proportional to 
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positive, negative, or zero sequence quantities. These 
networks, also known as sequence filters, are widely 
used. 


3.4 Zero Sequence Networks 


In zero sequence networks, three current transformer 
secondaries, connected in parallel, provide 31, from I,, 
I,, and I, inputs. Similarly, the secondaries of three- 
phase voltage transformers, connected in series with the 
primary in grounded муе, provide 3V,. 


3.2 Composite Sequence Current Networks 


Тһе network shown in Figure 3-8 can be adapted for a 
variety of single-phase outputs. Output filter voltage Vp 
is obtained from input currents I, Ij, and I., with neu- 
tral (315) return. By using Thevenin's theorem, these 
three-phase networks can be reduced to a simple equiv- 
alent circuit, as shown in Figure 3-8b. V, is the open 
circuit voltage at the output, and Z the impedance look- 
ing back into the three-phase network. Z, is the self- 
impedance of the three-winding reactor's secondary with 
mutual impedance Xm- 

The open circuit voltage, Figure 3-8a, with switch r 
open and switch s closed is [the drops from Vg( 7) to 
Ук(— )] 

Ур = jd. a Iy)X, + LR, + 31pRo (3-3) 


From the basic symmetrical component equations 
[Equations (2-24) and (2-25) in Chapter 2], we have 


I, — I, = jv3l, - |у, (3-4) 








(a) Sequence Network 


[ Z=Zs +R +Ro 


Ve To Operating Unit 


oe oe ee 


(b) Equivalent Circuit 


Figure 3-8 Composite sequence current network. 
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Substituting this and the sequence equation (2-23) for 
I, in Equation (3-3) 


Ук = МХ, + V3X,L + Rl, 
+ RL + В + 3 Ro 
= (Ri — V3X,,)L + (Ri + V3X,)L 
+ (В, + 3Rj)l; (3-5) 


Varying Xm, Ri, Ry, and the connections produces dif- 
ferent output characteristics. In some applications, the 
currents 1, and 1; are interchanged, changing Equation 
(3-5) to 


Vr = (К, + УЗХхы)1, 
+ (К, = V3X,J)L + (К, + ЗК) (3-6) 


With switch г closed and switch s open, the zero ѕе- 
quence response of Equations (3-5) and (3-6) is elimi- 
nated. The zero sequence drop across К, is Z/3R,L,, — 
136,010 + 19) = 0. The switches г and s are used in 
Figure 3-8 as a convenience for description only. Several 
typical sequence network combinations are given in 
Table 3-1. 


3.3 Sequence Voltage Networks 


Sequence voltage networks may be constructed to pro- 
vide a single-phase output proportional to either posi- 
tive or negative sequence voltage. A network in com- 
mon use is shown in Figure 3-9. Since this network is 
connected phase to phase, there is no zero sequence 
voltage effect. 

The network is best explained through the phasor 
diagram, Figure 3-10. By design, the phase angle of 
Z + Ris 60° lagging. For convenience, consider switches 
s to be closed and switches r open. Impedance Z + R 
is thus connected across voltage V», and the autotrans- 
former across voltage V,.. With only positive sequence 
voltages (Figure 3-10a), the current І, through Z + 
R lags Уль by 60°. The drop V,,, across the autotrans- 
former to the tap is in phase with voltage У, across 
the entire transformer. The tap is chosen so that |V,.4| 
= [V]. The filter output V,, = Vp is the phasor sum 
of these two voltages. 

With only negative voltages applied (Figure 3-10b), 
V,» is equal and opposite to Vy,?, that is, У = 
Vy — 0. Thus, this is a positive sequence network. 

A negative sequence network can be made by re- 
versing the b and c leads or, in Figure 3-9, by opening 
s and closing r. Then Figure 3-10a conditions apply to 
a negative sequence, giving an output Ур; Figure 3-10b 
conditions apply to a positive sequence with Vp = 0. 

This interchange of b and c leads to either the current 
or voltage networks offers a very convenient tech- 
nique for checking the networks. For example, the neg- 
ative sequence current network should have no output 


Basic Relay Units 


Table 3-1? Typical Sequence Network Combinations 





Switch Switch 
Network type І 8 Xn = 
Positive sequence closed open R/V3 
Negative sequence closed open R,/V3 
HCB composite open closed R,/V3 
HCB-1 and SKB open closed 1.46R, or 
composites * 0.191 ohms 


* Data for Tap C of three taps available. 


on a balanced power-system load but. bv interchanging 
the b and c leads, it should produce full output on test. 


4. SOLID-STATE UNITS 
4.4 Semiconductor Components 


Solid-state relays use various low-power components: 
diodes, transistors, thyristors, and associated resistors 
and capacitors. These components have been designed 
into logic units used in many relays. Before these logic 
units are described in detail, the semiconductor com- 
ponents and their characteristics will be reviewed (Fig- 
ure 3-11). Relays use silicon-type components almost 
exclusively because of their stability over a wide tem- 
perature range. 


4.1.1 Diode 


The diode (Figure 3-11а) is a two-terminal device that 
conducts in one direction but does not conduct in the 
other. The device manifests a voltage drop for conduc- 
tion in the forward direction of approximately 0.7 V. 
The limit of voltage to be applied in the reverse direc- 
tion is defined by the rating of the diode. Failure of the 
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Figure 3-9 Sequence voltage network. 





{= 
O1 


V, reduces from: 


Figure 3-8 notes equation to equal 


interchange I, and I, (3-6) 2R,l, 





as shown (3-5) 26,1, 

interchange I, and I, (3-6) 2R,I, + (R, + 3Rj)I; 

as shown (3-5) -021, + 0.4621, + 
(К, + 3Ro) Io 


diode is expected if a voltage in excess of the rating is 
applied in the reverse direction. 

These devices are used in de circuits to block inter- 
action between circuits, for ac test circuits to generate 
a half-wave rectified current wave shape. or as a pro- 
tective device around a coil to minimize the voltage 
associated with coil current interruption. 


4.1.2 Zener Diode 


The zener diode (Figure 3-11b) differs from the diode 
described above in having a sharp and reproducible 
reverse breakdown voltage, called the zener voltage. If 
the current is limited to within rated values, the diode 
recovers its nonconducting characteristics when the re- 
verse voltage falls below the zener value. They are used 
for surge protection, voltage-regulating functions, and 
other applications in which a distinct conduction level 
is desired. 

Where conduction is desired in both directions with 
a threshold at a level at which conduction occurs, the 
back-to-back zener (Figure 3-11c), commonly known 
as a volt trap or zener clipper, is used. The character- 
istics of these devices are essentially the same in both 
the forward and reverse direction. 


4.1.3 Varistor, Thermistor 


The characteristics of the varistor are shown in Figure 
3-11d. It has a voltage-dependent nonlinear character- 


Vabi “ог 





(а) Positive Sequence 
Voltages Applied 


(b) Negative Sequence 
Voltages Applied 


Figure 3-10  Phasor diagrams for the sequence voltage net- 
work of Figure 3-9 with "s" closed and “т” open. 
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Figure 3-11 


acteristics. 


Semiconductor components and their char- 


istic. The thermistor depicted in Figure 3-11e is а non- 
linear device whose resistance varies with temperature. 


4.1.4 Transistor 


In relaying, the transistor is used primarily as a switch. 
For this function, it is shifted from a nonconducting to 
conducting state by the base current I. The transistor 
is nonconducting until 1, is increased to a value at which 
the transistor conducts, and a collector current I, and 
emitter current 1, flow (Figure 3-12). The emitter cur- 
rent I, is the sum of I, and I.. Very small values of I, 
are able to control much larger values of I, and I, (Fig- 
ure 3-13). 


4.1.5 Thyristor 


The thyristor (Figure 3-14) is a diode with a third elec- 
trode (the gate). The thyristor is also known as a silicon- 
controlled rectifier (SCR). With forward voltage ap- 
plied, the thyristor will not conduct until gate current 
I, is applied to trigger conduction. The higher the gate 
current, the lower the anode-to-cathode voltage (Vg) 
required to start anode conduction. After conduction 
is established and the gate current is removed, the an- 
ode current Ip continues to flow. The minimum anode 
current required to sustain conduction is called the hold- 
ing current Ig. 
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Figure 3-12 Тһе transistor and equivalent electrical 
symbols. 
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Figure 3-13 Typical characteristic curves of transistor. 
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Figure 3-14 Тһе thyristor and its characteristics. 


4.1.6 Unijunction Transistor 


The unijunction transistor (Figure 3-15) has two bases, 
b, and b,, and one emitter e. When V, reaches the peak 
value V,, the device conducts and passes current Ie. 
Current will continue to flow as long as V, does not fall 
below the minimum value V,. The unijunction transis- 
tor is used for oscillator and timing circuits. 


4.2 Solid-State Logic Units 
4.2.1 Basic Principles 


Solid-state logic units are combinations of solid-state 
components designed to use dc voltage signals to per- 
form logic functions. A logic unit has only two states: 
no output, represented by 0 (zero), and output, rep- 
resented by 1 (one). Two logic conventions are used to 
indicate the voltages associated with the 0 and 1 states. 
In normal logic, 0 is equivalent to zero voltage and 1 
to normal voltage. In reverse logic, the corresponding 
voltage equivalents are reversed; 0 is equivalent to nor- 
mal voltage and 1 to zero voltage. 

In positive logic, inputs and outputs are positive; in 
negative logic, both inputs and outputs are negative. 
Relay systems normally use positive logic, although some 
elements may use negative signal inputs and outputs. 


Vp=7Vbb 











Figure 3-15 Тһе uni-junction transistor and its character- 
istics. 
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U.S. Practice European Practice 


Figure 3-16 Examples of logic symbols. 


Logic units are shown diagrammatically in their 
quiescent state, that is, the normal or ‘‘at-rest” state. 
The quiescent state corresponds to the normally de- 
energized representation in electromechanical relay cir- 
cuitry. 


4.2.22 Logic Unit Representation 


Logic units are represented by characteristic function 
symbols (Figure 3-16). Two sets of symbols are in com- 
mon use in the United States. In the commercial/mili- 
tary system, the type of function is indicated by the 
distinctive geometrical shape of the symbol. In solid- 
state relaying, the name of the logic function is simply 
written in a rectangle or block, or a distinctive symbol 
such as "&" is used inside a block. The European prac- 
tice is similar to this. Convention dictates that inputs 
are shown on the left-hand side and outputs on the right- 
hand side. The symbols and terminology used comply 
with IEEE Standard 91-1973 (ANSI Standard U32 
14 - 1973), “Graphic Symbols for Logic Diagrams.” 

When a logic function has only two inputs, its output 
is usually simple to determine. For three or more inputs, 
particularly with combination logic functions, a logic or 
truth table offers a convenient method of determining 
the output. A logic table for a function with three inputs 
and one output is shown in Figure 3-17. The table lists 
all possible combinations of zeros and ones for the in- 
puts. Each output could be 0 or 1, depending on the 
function. 














Figure 3-17 Example of logic table. 
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(a) Circuit (b) Symbol (с) Logic Table 


Figure 3-18 AND logic. 


4.3 Principal Logic Units 


In this section, the major units used in relaying will be 
described. Detailed circuit descriptions will be kept to 
a minimum. For simplicity, the diagrams will show only 
two inputs per function and include electromechanical 
contact equivalents. 


4.3.1 AND Unit 


The AND logic element is shown in Figure 3-18. The 
simplest type consists of forward-biased diodes and re- 
sistors (Figure 3-18a). The symbolic representation and 
electromechanical equivalents for this unit are given in 
Figure 3-18b, the logic table in Figure 3-18c. The for- 
ward-biased diodes shunt the output terminal, and no 
output voltage can appear unless all input diodes have 
a reverse bias that equals or exceeds the forward bias. 
Since inputs are either O or 1, there is no in-between 
state that would allow partial output voltage. Thus, 
the output is either 0 or 1, as shown in the logic table. 
Three variations of the AND element are provided in 
Figure 3-19. 


4.3.2 OR Unit 


The OR unit is shown in Figure 3-20. Again, the sim- 
plest type of unit consists of resistors and diodes. The 
symbolic representation and electromechanical equiv- 
alents for the unit are illustrated in Figure 3-20b, the 
logic table in Figure 3-20c. Since the diodes are not 
biased, an input voltage applied to any input will pro- 
duce an output voltage at X. 

Three variations of the OR unit, comparable to those 
of the AND element, are shown together with their 


A A xd A 
ae GET : В 
ө с 
LS] | j 


(а) Inverse AND (b) Negation AND (с) Mixed AND 


Figure 3-19 Variations of AND logic. 
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(a) Circuit (b) Symbol (c) Logic Table 


Figure 3-20 OR logic. 


electromechanical equivalents in Figures 3-21a, b, and 
c. By comparing Figure 3-21a with Figure 3-19b, it is 
clear that the inverse OR unit is equivalent to the ne- 
gation AND. Similarly, the negation OR of Figure 3- 
21b is equivalent to the inverse AND of Figure 3-19a. 


4.3.3 NOT Unit 


The negation or "NOT" unit (Figure 3-22) is a fre- 
quently used logic element. This unit changes the state 
of the input from 0 to 1 or vice versa. For convenience, 
the symbol depicted in Figure 3-22a is replaced by that 
shown in Figure 3-22b for negated inputs and that shown 
in Figure 3-22c for negated outputs. 

The NOT unit, together with its electromechanical 
equivalent and logic table, is illustrated in Figure 3-23. 
Although the NOT unit can be included in logic dia- 
grams as a separate unit, it is usually combined with 
other units using the symbols shown in Figure 3-22. 


4.3.4 Time-Delay Units 


Time-delay units are used in the normal manner to 
provide ON and/or OFF delays. The symbolic U.S. and 
European representations are presented in Figure 3-24. 
The X value in Figure 3-24 is the pickup time, that is, 
the time that elapses between an input signal being 
received and an output signal appearing. The Y value 
is the dropout time, that is, the time after the input 
signal is removed until the output signal goes to 0. In 
Figure 3-24, W-X is the range of the pickup time and 


(a) Inverse OR (b) Negation OR (c) Mixed OR 


Figure 3-21 Variations of OR logic. 
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Output is l for O Input 
Output is O for] Input 


(а) Symbol (b) Negated Input (c) Negated Output 


Figure 3-22 Negation symbol convention. 


Y-Z that of the dropout time. Any of the values can 
be 0. Time values are always in milliseconds unless 
otherwise indicated. 


5. BASIC LOGIC CIRCUITS 


In describing basic logic circuits, two types of diagrams 
are used: the logic block diagram and logic circuit sche- 
matic diagram. In the logic block diagram, the units are 
represented by their logic symbols, and the logic symbol 
blocks are interconnected to provide a complete func- 
tional representation of the system. In the logic circuit 
schematic diagram, the elements are shown schemati- 
cally. Unit interconnections are depicted in the same 
way as in normal schematic diagrams. The logic block 
diagram is useful in showing the complete system in 
functional form; the logic schematic circuit diagram in- 
dicates how the logic units operate. In the following 
discussion, logic schematic diagrams will be used. 


5.1 Fault-Sensing Data Processing Units 


In solid-state relays, fault-sensing and data-processing 
logic circuits use power-system inputs (voltage, current, 
phase angle, frequency, and so on) to determine if any 
intolerable system conditions exist within the relay’s 
zone of protection. The conventional functions ob- 
tained by logic circuits are listed in Table 3-2. 


5.1.1 Magnitude Comparison 
There are two basic types of magnitude comparison 
logic units: fixed-reference and variable-reference. 


5.1.1.1 Fixed-Reference The logic circuit used for 
an instantaneous overcurrent unit (Figure 3-25) is bas- 
ically a dc-level detector. Input current from the current 
transformer secondary is transformed to a current-de- 
rived voltage on the secondary of the input transformer. 


ШІТЕІСІТЕ 
[0 БЕН 
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(c) Logic Table 


NOT ——T— 


(a) Symbol (b) Equivalent 


Figure 3-23 NOT logic. 
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Figure 3-24 Examples of time delay units. 


This voltage is limited bv zener clipper Z1 and resistor 
R2. For low input currents, the voltage is proportional 
to the current, as determined by R1 and R3. The min- 
imum pickup is adjusted via the setting of R1. A low 
R1 setting diverts more current through КІ апа R3, 
and less to the phase splitter. 

The phase splitter consists of a resistor-capacitor net- 
work, transformer, and bridge rectifier. The output 
voltage of the phase splitter is shown in the upper part 
of Figure 3-25. When this voltage equals the zener volt- 
age of Z2, Z2 will conduct, providing a base current 
that turns on O1. O1 then turns on Q2, providing an 
output current through D2 and R9. Q2 provides positive 
feedback through R7 and D1. compounding the effect 
on the level detector. 

The dropout current can be adjusted бу resistor R7. 
normally set for a dropout pickup ratio of about 0.97. 
Positive feedback provides the equivalent of snap ac- 
tion, and the 3% bandwidth prevents the equivalent of 
chattering for current values close to minimum pickup. 
This type of circuit could also be used for overvoltage. 


Table 3-2 Conventional Functions Obtained by Fault 
Sensing and Data Processing Logic Circuits 





Typical 
Conventional relay 
function Logic circuits types 
Instantaneous Magnitude SET 
overcurrent comparison with 50B 
fixed reference 
Time Magnitude 50D 
overcurrent comparison with 51 
fixed reference and 
time 
Ground Magnitude SDG-T 
distance comparison with 
variable reference 
Phase Block-block SKD-T 
distance comparison 
Directional Coincident-time (Ring SRGU 
Modulator) 
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T = 20 Volts Oc 






Output 


Figure 3-25 Magnitude comparison dc level detector as an instantaneous overcurrent unit. 


5.1.1.2 Variable-Reference This logic unit discrim- 
inates between the value of an operate voltage and the 
smallest of three restraint voltages. Shown in Figure 
3-26, this type of circuit forms the decision logic element 
for the SDG ground distance relay described in Chapter 
12. The restraint voltages (V,, V,, and V,) and operating 
voltage are connected in opposition through tunnel diode 
TD1 and diodes D25, D26, and D27. When the oper- 
ating voltage is larger than any of the three restraint 
voltages, current will flow through TD1. A small cur- 
rent through TD1 drives it to a high voltage, turning 
on O1 and producing a voltage across the output ter- 


20 Volts Dc 
Logic Supply 


Operate 
Voltage 


Desensitizer 
(If Used) 








minal. The tunnel diode characteristic provides a sharp 
turn-on point, which serves as an effective triggering 
action. 

Since double phase-to-ground faults may cause over- 
reach of the ground distance relay, a desensitizer circuit 
is included. This circuit consists of three minimum volt- 
age networks. A portion k of each of the restraint volt- 
ages is input to the desensitizer circuit. When any com- 
bination of two restraint voltages is smaller than the 
third restraint voltage, an output produces a blocking 
action through D86, preventing O1 from turning on. 
When the operating voltage becomes larger than the 








ES 


Restraint Voltages 


Figure 3-26 Magnitude comparator circuit. 
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-argest restraint voltage, reverse bias is applied to D86 
:hrough D38, turning on О1. 


2.1.2 Phase-Angle Comparison 


Phase-angle comparator logic circuitry produces an out- 
put when the phase angle between two quantities is 
within certain critical limits. Either of these two quan- 
tities, the polarizing (or reference quantity) and oper- 
ating quantity, may be current or voltage. 

Two types of phase-angle comparator logic circuitry 
are in common use: block-block and coincident-time 
comparison. 


5.1.2.1 Block-Block Comparison The block-block 
түре of phase-angle comparator uses the zero-crossing 
detector principle to generate square waves. Additional 
ogic circuitry provides an output if the operating quan- 
tity leads the polarizing quantity. Phase relations for 
the operating condition are shown in Figure 3-27. An 
output is obtained if the operating input leads the po- 
arizing input by 0 to 180°. Conversely, no output (re- 
straint) occurs if the operating input lags the polarizing 
input by 0 to 180°. The phase relation for this restraint 
condition is given in Figure 3-28. 

Half-cycle square waves are generated at each zero 
crossing of the respective input quantities. The polarity 
of the square waves is the same as that of the generating 
quantity during corresponding half-cycles. 

One half of the circuit of a block-block type of com- 
parator (Figure 3-29) makes the comparison during the 
positive half-cycles. The input diodes, arrays DA and 
DB, limit the input voltage to 1.5 V and the output of 
transformers Т1 and T2 to about 12 V. 
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Figure 3-27 Phase relationship of block-block circuit for 
operate condition. 
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Figure 3-28 Phase relationship of block-block circuit for 
restraint condition. 








For the operating condition shown in Figure 3-27, 
the leading operating input makes the base of O1 pos- 
itive before the polarizing input can make the base of 
O3 positive. Thus, O1 turns on first, which then turns 
on Q2. Since Q5 has not been gated, it is in the block 
state, permitting an output through Q2, R8, and the 
output diodes. When Q2 turns on, D3 is reverse-biased 
through D4 from the 20-V supply. This prevents the 
flow of base current from turning on O4 as otherwise 
would occur as the lagging polarizing input becomes 
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Figure 3-29 Block-blocx суге chase angle comparator 
circuit. 
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positive and turns оп ОЗ. Since Q4 cannot turn оп, a 
half-cycle of output occurs. Similarly, during the neg- 
ative half-cycle the leading operating input provides an 
output in the other half of the circuit, which connects 
through its negative half-cycle diode to the output. 

If. however, the polarizing input leads the operating 
input (Figure 3-28), the base of Q3 becomes positive 
before the base of Q1. Q3 turns on first and then turns 
оп О4. The current flowing through Z1, О4, К6, and 
R7 produces a voltage drop across R7. This voltage 
drop gates thyristor O5, causing it to conduct and short 
the output to negative. As the lagging operating input 
becomes positive, it turns on О1 and О2 and (since О5 
is conducting) the current through Q2 and R8 is shunted 
to negative. The operating input that remains when the 
polarizing half-cycle is completed cannot produce an 
output, because Q5 continues to conduct. Recovery is 
determined by the anode-to-cathode current, and К8 is 
set to allow sufficient holding current from the 20-V 
supply to maintain Q5 in a conducting state until the 
operating quantity is practically 0. 


5.1.2.2 Coincident-Time Comparison (Ring Modu- 
lator) Functioning like a biased bridge rectifier, the 
ring modulator type of phase-angle comparator pro- 
duces an output when the operating quantity leads or 
lags the polarizing quantity by 90? or less. This char- 
acteristic makes the ring modulator applicable as a di- 
rectional sensing unit. 

Figure 3-30 shows the operating principles of the 
bridge under several input conditions. Current inputs 
are depicted, but combinations of current and voltage 
can also be used. Solid arrows indicate the input op- 
erating quantities, open arrows the input polarizing 
quantities. Actual current is the phasor sum of the cur- 
rents shown. The in-phase conditions are illustrated in 
Figure 3-30. 

In the bridge rectifier, two diodes are forward-biased 

by the larger current, and the magnitude of the output 
is determined by the smaller current. When the oper- 
ating current is larger (top half of Figure 3-30a), D1 
and D3 are forward-biased, with the return through КІ 
and R2 blocked by D4. The polarizing current is shown 
in two parts, each one half of Ipo; . The half going down 
through the transformer from point A flows backward 
through D3 and КІ to the polarizing terminal. How- 
ever, since the operating current is larger, net current 
in D3 is forward. The output voltage Іо КІ is pro- 
portional to the smaller current. 
If the operating current reverses and is still larger 
than the polarizing current, D4 and D2 are forward-biased, 
with the return through R2 and КІ blocked by D1. Po- 
larizing current going up from point A flows backward 
through D2 and up through R2 (net current in D2 is 
forward). The output voltage —I,o,R2 is reversed. 
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With reversed but still smaller polarizing current, 
part of the polarizing current would flow up through 
R1, around through D1 (which is forward-biased by the 
operating current) and back. The other part would flow 
up through R1, down through D3, and back. Again, 
the output voltage —Ipo, КІ is reversed. 

If the polarizing current is larger, as in the bottom 
half of Figure 3-30a, D1 is forward-biased through КІ, 
and D4 is forward-biased through R2. If R1 equals R2, 
the net output from the polarizing current is 0. Тһе 
smaller operating current flows through D1, R1, R2, 
and back through D4. Net current in D4 1s forward 
because of the larger value of polarizing current. The 
net output then is Io» (RI and + R2), or 2IopR1. Re- 
versing either the polarizing or operating current will 
reverse the output voltage. 

The output will not be 0 as long as the smaller current 
is above a threshold or pickup value. When the sum of 
the currents through a diode is 0, as through D3 in 
Figure 3-30a, the output is still IopR1. Any tendency 
of either current to flow in another path, because D3 
is not conducting, will result in one of the two com- 
ponents becoming larger, that is, the zero condition no 
longer exists. 

Figure 3-30a shows the ring modulator operation when 
the operating current is larger than the polarizing cur- 
rent and leads it by 90°. At time 0, half of Ipo flows 
up through R1, down through D3, and returns up the 
lower half of the transformer to A. The other half flows 
down through R2, up through D2, and down the upper 
half of the transformer to A. The net output is 0 since 
Іор is 0. As Io, increases from 0 to equal Іо, (point 
P), Io» flows through D2, R2, КІ, and D3, producing 
an output of —2IopRI, where КІ, and R2 are equal. 
When Io, equals Ipo; , the current іп D2 goes to 0. As 
Іор becomes larger than Ipo., D1 conducts. The neg- 
ative Ipo; all flows through КІ; half passes through D1, 
and other half continues through D3. Io, flows through 
D1 and D3, producing an output of —21po, КІ. 

At time О, when Io, again equals Ipo; . the polarizing 
current is about to become the larger current and for- 
ward-bias D1 and D4. The output changes to +21ьК1 
and decreases. When Іор crosses the zero axis, the out- 
put is 0. As the operating current becomes negative, so 
does the output, which reaches a maximum of -21орК. 

Further analysis shows that there is a maximum pos- 
itive or negative output each time Io» = [ы and al- 
ternate one-half-cycle periods (4.17 ms) of positive and 
negative outputs. These outputs are crosshatched in 
Figure 3-30b. Similar results are obtained if the polar- 
izing quantity is greater than the operating quantity, 
but with Іор leading Ipo; by 90°. 

For directional logic applications, the output of the 
ring modulator is fed into the logic circuit shown in 
Figure 3-31. With a positive output across К1-К2, tran- 
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Figure 3-30 Principle of operation of ring modulator type phase angle comparator. 





sistor Q1 turns on, turning off O2 and charging C2 
through R7, R8, and R9. The timing circuit is adjusted 
so that if the positive output exists for 4.17 ms, the 
unijunction Q3 conducts, turning on O4 first and then 
O5, to produce an output. 

The discharge time of C3 through R12 and R13 is 
adjusted to keep O4 conducting for at least 8.5 ms. 


This provides a continuous logic output whenever the 
ring modulator bridge provides a positive output for 
4.17 ms or longer. If, in Figure 3-30b, the operating 
current (Тор) wave is shifted to the right, representing 
lead angles of less than 90°, the positive output periods 
will be greater than 4.17 ms. (The negative output pe- 
riods will be less.) 
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Figure 3-31 


Conversely, if the operating current shifts to the left, 
representing lead angles of more than 90°, the positive 
outputs will be less than 4.17 ms. (The negative outputs 
will be greater.) That is, the ring modulator output will 
become negative before Q3 reaches its firing point. This 
negative output will turn off Q1 and turn on Q2, block- 
ing Q3. 

Further analysis for cases where the operating cur- 
rent lags the polarizing current produces similar find- 
ings. Thus, the coincident-time phase-angle comparator 
provides a continuous output when the operating and 
polarizing currents are +90° or less, which is the watt 
characteristic for a directional unit. 


5.2 Amplification Units 
5.2.1 Breaker Trip Coil Initiator 


The breaker trip coil initiator circuit both provides power 
amplification for a trip coil and isolates the control cir- 
cuitry from the tripping energy source (the station bat- 
tery). A typical circuit is shown in Figure 3-32. 

О1 turns on when the input voltage from the fault- 
sensing and data-processing circuit exceeds 2 V. О1 
then turns on Q2, allowing C2 to charge through R6. 
When the voltage across C2 reaches the “‘firing voltage" 
of the unijunction transistor Q3, the capacitor energy 
discharges through T1. This discharge reduces the volt- 
age across the capacitor, turning off O3 until the charge 
on C2 builds up again. 

In this way, a repetitive train of pulses is generated 
as long as the input signal exists. These pulses are trans- 
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Ring modulator type phase angle comparator circuit. 


formed through LA, O4, Т2 primary, LB, and ZA to 
trip the circuit breaker. The time delay of this circuit 
is approximately 1 ms. T1 has two secondaries, the 
second of which is connected to a similar O4 circuitry ` 
for double trip. 

Except for the transformer 12, the devices associated 
with Q4 provide security. Zener Z1 clips high-voltage 
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Negative Trip Current 


To Duplicate Circuits for LB Indicator 


Second TripCircuit 


Figure 3-32 Breaker trip coil initiation circuit. 
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transients on the battery leads to a level of one-third 
of the О4 rating. This voltage clipping prevents the false 
operation of О4 from surges and overvoltage. The two- 
winding reactor LA-LB suppresses any transients that 
could be transmitted through the interwinding capaci- 
tance of ТІ or between the trip circuit and other logic 
circuit wiring. Zener Z4 prevents shock excitation from 
setting up high-frequency oscillation, which might re- 
verse the current through Q4 and return it to a blocking 
state. 

Capacitor C3 is initially charged through R9 and Z3 
when the breaker or switch is closed, bypassing T2 to 
avoid a false indication. When Q4 fires, C3 discharges 
through O4, Z2, and R8. This discharge provides a 
holding current for O4 of about 1 ms, long enough for 
the current through the inductive trip coil to reach the 
required holding current for O4. 


5.3 Auxiliary Units 
5.3.1 Annunciator Circuits 


Two types of circuits are used to provide light and alarm 
indications: One is for circuit-breaker-trip operations 
and the other for general use. 

Typical breaker-trip indicator and alarm logic are 
shown in Figure 3-33. Transformer T2 is in the trip 
circuit, as in Figure 3-32. The transformer core uses 
square-hystersis loop material to produce a very small 
exciting current and negligible inductive reactance when 
saturated. When trip current flows (after O4 fires), the 
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circuit of R1, СІ, R2, and R3 stretches а 2-ms рш: 2: 
the secondary of Т2 into 6 ms, at 20 V, at the outpc: 
of Q2. The input signal turns on both Q1 and Q2 to 
charge capacitor C2. When the voltage builds up to the 
“intrinsic standoff ratio" of the unijunction transistor 
(Ур of Figure 3-15), ОЗ fires and gates O4, energizing 
the indicating light. The conduction of O4 also gates 
O5 through R10 from the drop across R11. Q5 energizes 
the alarm relay. Even if the indicating light circuit is 
open, Q5 will still be gated. 

A general indicator circuit is shown in Figure 3-34. 
The normal condition is a 1 input, which makes O1 
conducting. For indication, the 1 is removed, turning 
off O1. Then C1 charges through R3 and R7. When 
the voltage across C1 reaches the firing point of Q2, 
Q2 is turned on, gating O4 and О5 to energize the 
indicating light and alarm relay. 

The indicating lights are the solid-state equivalent of 
mechanical indicating targets. Red lights are used to 
indicate tripping or which sensing unit signaled a trip, 
amber lights general alarms, blue lights testing. Sixty- 
V ]amps operated at 48 V or 120-V lamps at 97 V 
provide a filament life of more than 30,000 h. 


5.3.2 Coordinating and Loop Logic Timers 


Fixed time-delay timers are used extensively in logic 
circuitry. A tvpical circuit of this tvpe is shown in Figure 
3-35. With an input. Q1 is normally conducting and 
shorts C1 through R4. Removing the input turns off 
O1. and permits C1 to charge through R3 and R4. When 
the voltage across C1 reaches the zener voltage of Z1 
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Figure 3-33 Breaker trip indicator and alarm circuit. 
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Figure 3-34 Indicator and alarm circuit. 


plus the potential hill of D1 and Q2, base current will 
flow, turning on Q2. Turning on Q2 removes voltage 
from the output. The fixed time interval is between 
removal of input to removal of output. Although nor- 
mally used for short delays, the judicious selection of 
values for R3, R4, СІ, and 71 provides a wide range 
of available time delays. Similar circuitry can provide 
a delay between an ON input and ON output, or other 
variations. Also, timers can be made adjustable by mak- 
ing elements such as R3 adjustable. 


5.3.3 Toggle or Latching Circuits 


Toggle ог latching circuits, known as “flip-flops,” are 
bistable units similar to a latched-in or toggle-type relay. 
An operating signal will make the unit change state; 
removal of the signal will leave the unit in the new state. 
A momentary reset signal will restore the unit to its 
original state. Normally, a momentary operating signal 
will change the output from 0 to 1 and a momentary 
reset signal will change the output from 1 back to 0. 
The typical circuit shown in Figure 3-36 is simplified to 
aid in the explanation of its operation. 

The circuit depicted is in the reset state with a "clear" 
output and no "set" output. The voltage dividers R3, 
R5, and R8 provide base voltage to Q2. Since S2 is 
conducting, the set output is shunted to negative. O1 
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Figure 3-35 Typical logic timer circuit. 
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Figure 3-36  Flip-flop circuit. 


is not conducting. Its base, supplied through R6, R4 
and R2, is a negative. There is, however, a clear output 
from the R3-R5-R8 voltage divider. 

Closing the set input switch S1 momentarily reverses 
this condition. Voltage divider R1-R2 provides base 
drive to turn on Q1. The base drive for Q2 is then 
shunted through OI to negative and Q2 is turned off. 
When S1 is opened, O1 will remain on, through voltage 
divider R2-R4-R6. Q2 will remain off, since R5-R8 ties 
the base of Q2 to negative. Thus, with Q1 on and Q2 
off, there is a set output but no clear output. 

When a momentary signal is applied to the reset 
input, voltage divider R7-R8 provides base drive to turn 
on Q2 again. This ties the base of Q1 to negative, turn- 
ing it off. O2 then remains on, even after the reset signal 
is removed. The unit is now back to its reset or normal 
state. 

Figure 3-37a is a symbolic representation of a normal 
flip-flop. A modification to the normal flip-flop is to 
desensitize it by holding Q2 in a saturated condition. 
When saturated, Q2 keeps conducting even when O1 
turns on. This prevents a spurious set signal from pro- 
ducing a set output. The modified flip-flop must first 
be “armed” by introducing an input “arm” signal (Fig- 
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Figure 3-37  Flip-flop logic symbols. 
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ure 3-37b). This signal removes the desensitizing bias 
from Q2 and allows it to turn off when the normal set 
input signal is applied. 

The flip-flop can also be combined with AND logic, 
so that two or more separate set input signals must be 
received simultaneously to produce an output. This 
modification may also be provided with desensitizing, 
again requiring an arming signal. These modified flip- 
flops are commonly used for the final trip logic unit in 
solid-state relaying systems. 


5.3.4 Isolator and Buffer Circuits 


Output and input isolators separate and electrically iso- 
late dc circuits between logic units. Used on the input 
and output of each separately packaged relay. buffers 
protect the logic circuit from transients and surge on 
interconnecting leads and circuitry. Both isolator and 
buffer circuits protect solid-state relays against unde- 
sirable operation on spurious signals. 

5.3.4.1 Input Isolator А typical input isolator circuit 
is shown in Figure 3-38. A 20 V input to the pulsing 
circuit of R1-R3-C1-D2 charges the capacitor C1. When 
the capacitor voltage reaches the breakdown voltage of 
the four-layer diode D2, a pulse is transmitted through 
T1. The discharge of C1 turns off D2 until the voltage 
across C1 builds up again. Thus, a series of pulses con- 
tinues as long as the input signal exists. Zener Z1 pro- 
vides surge protection clipping at 20 V. The pulses are 
rectified and accumulated on C2. C2-R4-R5 provide a 
steady dc input to O1 until the input is removed. O1 
conducts, turning on Q2, providing a 20 V output. 
5.3.4.2 Output Isolator Тһе input section of the out- 
put isolator circuit (Figure 3-39) is similar to the breaker- 
trip coil initiation circuit shown in Figure 3-32. The 


Input 
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output isolator circuit differs in that a four-laver diode 
D1, rather than a unijunction transistor, provides a pulse 
chain through ТІ. An input voltage turns on Q1 апа 
Q2, charging C2. The voltage across C2 triggers D1, as 
described above. The pulses, rectified and filtered, are 
applied to the base of O3, turning it on and producing 
an output. Zener 71 provides surge protection clipping 
at 20 V. 


5.3.4.3 Input Buffer The input buffer circuit is shown 
in Figure 3-40. A normal 20 V signal will result in ap- 
proximately 90°, of the voltage appearing across КЭ 
and capacitor C1. When the voltage on C1 builds up to 
around 3 to ^ V. current flows through 22. D1. and 
R4. QI then turns on. which produces an output. RS 
is required when the output drives a PNP stage. but is 
omitted for an NPN stage. For internal logic circuitry. 
ОІ can be turned on by an unbuffered input. 

There are three types of buffering: (1) A High-fre- 
quency, high-voltage surge on the input, such as the 
1.0 to 1.5 MHz, 2500 V standard test surge, is dropped 
across КІ and clipped to 20 V by 71; (2) all signals of 
150 to 200 |ы. This buffer is further described in Chapter 
4, Figure 4-15. 


5.3.4.4 Output Buffer Тһе output buffer circuit is 
shown in Figure 3-41. An input greater than 2 V turns 
on О1 and Q2 to provide approximately 18 V output. 
СІ provides a 75 ps delay through the unit. High-volt- 
age, high-frequency transients on the output are limited 
and clipped by Кб and the 24 V Zener 21. Should the 
output be shorted, Q2 is protected by the current- 
limiting action of R6. 


5.3.4.5 Optical Isolator The isolation of solid-state 
circuits and components from input and output signals 
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Figure 3-38 Input isolator circuit. 
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Figure 3-39 Output isolator circuit. 


is also accomplished with the use of optocoupler de- 
vices. This integrated circuit component uses an internal 
light-emitting diode (LED) and a photon detector to 
transmit signals, providing optical isolation between in- 
puts and outputs. 


6. INTEGRATED CIRCUITS 


The next trend in solid-state relaying was toward the 
use of linear and digital integrated circuits to replace 
the discrete transistor circuits described previously. An 
overview of the linear integrated circuit operational am- 
plifier and its application to basic relay units follows. 


6.1 Operational Amplifier 


Figure 3-42 shows the equivalent circuit of a basic op- 
erational amplifier. The triangle symbol is used for this 
device. The supply voltages +` Усс (generally + 15 
Vdc) with a “соттол” of 0 V are not shown. The input 
terminals are a and b: b is the noninverting input since 
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Figure 3-40 Input buffer circuit. 


a positive voltage produces a positive output. A positive 
voltage on a, the inverting terminal, will yield a negative 
output. 

The output ео is amplified by the open-loop gain A 
so that 


е = Ae, = А(е, EE е,) (3-7) 


The plot іп Figure 3-42 shows that a small differential 
change drives the amplifier into saturation since the 
open-loop gain A is very large. 

Most applications use negative feedback. In Figure 
3-43, where Z, is connected from the output to the 
inverting input a, І;, сап be determined from the drops 
around the input loop 


ein + IZ - е + ©те = 0 

eis её = Cnr 
| uoi n re 3-8 
„= eee (58) 


іп 
If Z; is much smaller than R;, the input resistance, the 
assumption is that no current flows in the a or b ter- 
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Figure 3-41 Output buffer circuit. 
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Open Loop Gain =A = 200,000 Vo!t/ Volt 


Figure 3-42 The equivalent circuit of an operational am- 
plifier. 


minals, so that 
In = k (3-9) 
The drops around the Z; feedback loop are 


— eet + En + Ze + Co = 0 (3-10) 


Cet 7 On — 60 


[|= 
f Ze 
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Equating Equations (3-8) and (3-10) with the assump- 
tion of Equation (3-9) provides 


en = Cret T A е; 
п ге 7, + Zin m 


7. 
224; mn Ц -11 
(= + z) ty R 


Substituting Equation (3-7) and solving for ео, we 
obtain 

| p E 2.- | 

А 27.-2. 


2 
c 





; 7. 
(z LZ. 


fo 
i 
m 
to 
— 


If we assume that А is very large. 1 A approaches 0 
and is much less than 


eg = ( + 2) eret — (2) еш (3-13) 
Equation (3-13) is the general operational amplifier 
equation with negative feedback. If it is substituted into 
Equation (3-11), the solution for e, will equal 0. Thus, 
a and b terminals are of the same relative potential. 
The inverting input terminal (a) is referred to as “virtual 
ground.” 


6.2 Basic Operational Amplifier Units 


A number of basic units are derived from a single op- 
erational amplifier to use in relay circuits. These are 
described without the additional components required 
for accuracy, stability, or compensation. 


6.2.1 Inverting Amplifiers 


The inverting amplifier of Figure 3-44 is the circuit of 
Figure 3-43 with terminal b connected directly to com- 





Figure 3-43 Ап operational amplifier with negative feed- 
back. 


Common 


Figure 3-44 Ап inverting amplifier unit. 
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топ (0 V). From Equation (3-13), we get 


Co = — (2 е 
о Zin in 


If resistors are used as shown in Figure 3-44, the output 
€, is the opposite of the input modified by the scale 
factor 


R 
R 


(3-14) 


in 


6.2.2 Noninverting Amplifiers 


If the a input is reduced to 0 through R,, (Figure 3-45a) 
and the input applied to terminal b instead of e,.;, Equa- 
tion (3-13) reduces to 


В. 
ey = ( + x) Cin 


The input and output are in phase with a scale factor 
of 


(3-15) 


К, 

+ — 

: Rin 
If К, is made very large compared to R,,, then for а 
sine wave input, the output essentially will be an in- 

phase square wave to provide a squaring circuit. 

Another version is the voltage follower shown in 
Figure 3-45b. К, approaches 0, a short circuit, and R,, 
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Figure 3-45 А non-inverting amplifier and voltage fol- 
lower unit. 
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approaches infinity, an open circuit. The gain factor 


Бе 
R 


in 


approaches 0 so that the scale factor 


approaches unity. Thus, the output voltage ey equals 
or follows e. In this circuit, the input impedance seen 
by ein essentially is infinite and no current flows into 
the b terminal. 
6.2.3 Adders 


An adder unit (Figure 3-46) has two separate inputs 
through R,, and R, to the negative terminal a with 
terminal b at 0. Equation (3-13) reduces to 


В, R, 


TR RR, ёш (3-16) 


ео = 


If Ra = Ra = Rg, then the output equals the negative 
of e, + ej. 


6.2.4 Subtractors 


The basic circuit is shown in Figure 3-47. The voltage 
at the plus terminal of the operational amplifier will be 


cd 
Re + Ra > 


Substituting this іп Equation (3-13), we obtain 


еб == ee EL) (3-17) 


If R; = Rn, then е, = ej — e 


6.2.5 Integrator and Simple Low-Pass Filter 


With a capacitor as the feedback component, the in- 
verting amplifier of Figure 3-44 becomes an integrator 


Ка Rf 
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Figure 3-46 An adder unit. 
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Figure 3-47 А subtractor unit. 


(Figure 3-48) 








1f. 
ео ==: = С І 1; dt (3-18) 
and since 
i, = ĉn а: i 
{~~ Rin in 
eg = — : fe dt (3-19) 
0 RC in 


this circuit is a simple low-pass filter. Considering mag- 
nitudes only 


1 


^7 afe 
so that Equation 3-14 becomes 


1 


7 3afCR,, lei. (3-20) 


les] = 


Thus, as frequency increases, the magnitude of e, 
decreases. 





Common 


Figure 3-48 An integrator and low pass filter unit. 
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6.2.6 Differentiator апа Simpie ~ 2--=2=: 
Filter Unit 
This circuit is shown in Figure 3-49 і22 502: 7 .7 
amplifier circuit with a capacitor іп the 7.5.7... 
de, 
i =i = С Tu 
lin lf dt 
so that 
de; 
= —RC— сеге 
ео ІС dt 
with magnitudes from Equation (3-14), where 
Zin = zda and Ze = К 
"^ mc 7 ERIS 
Thus, 
leo| = — 2nfCR,le,,| (3-23) 


This is a simple high-pass filter, since as f decreases, 
[е,| decreases. 


6.2.7 Phase-Shift Units 


A variety of phase-shift units are obtained using ca- 
pacitor and variable resistor combinations. These are 
illustrated in Figure 3-50. A phase-angle range of 90 to 
180° is obtained with Z; adjustable from 0 to —90° 
(Figure 3-50a), 180° to 270? with Zin adjustable from 0° 
to — 90° (Figure 3-50b). Inverting operational amplifiers 
are used in both of these circuits. 

Noninverting amplifiers with the RC network con- 
nected as a voltage divider (Figures 3-50c and d) provide 
a phase-angle range of 0 to +90° or 0 to —90°, de- 
pending on the position of R and C. 


6.2.8 Level Detectors 


Figure 3-51a shows a level detector using the opera- 
tional amplifier in the differential mode. From Equa- 
tion (3-7), we have 


Co = A (Greg m Cin) (3-24) 
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Figure 3-49 А differentiator and high pass filter unit. 
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2:|070-902 
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ео=Кеү | BO? To 270? 


b) 


ео = Кел LO To- 90° 


c) 
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d) 


(3-25) 


As illustrated in Figure 3-42, a change in the level of 
еш (€a) slightly before or below e,4(e,) will cause the 
amplifier to go into either negative or positive satura- 
tions, respectively. With е, formed by the R1-R2 volt- 
age divider, ej becomes low with ej, above e,.¢, and 
high when е, is less than eer- 

Hysteresis is obtained with positive feedback through 
resistor R3; see Figure 3-51b. With ео large, еш, is de- 
termined by the voltage divider consisting of R2 in series 
with the parallel combination of R1 and R3. This volt- 
age is higher than with just КІ and R2: ео approaches 
0 when e;n exceeds the е. This causes е, „їо be lowered 
to a potential determined by the divider relationship of 
R1 in series with the parallel combination of R2 and 
R3. Thus, the voltage at which eo switches from high 
to low is greater than that when it switches from low 
to high. This is illustrated in the example in the lower 
half of Figure 3-51b. 
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Figure 3-51 Level detector units. 


6.2.9 Active Filters 


A typical active filter unit is shown in Figure 3-52. High 
“Q” circuits, different gains, and resonant frequencies 
are easy to obtain. Inductance is not used in these cir- 
cuits. The filters can be cascaded and are unaffected by 
loading. 


6.3 Relay Applications of Operational Amplifier 


Three protective relay applications illustrate the use of 
the basic operational amplifier units described. The re- 
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Figure 3-52 A multiple feedback band-pass filter unit. 





Basic Relay Units 


laying inputs from current and voltage transformers are 
converted to low-level signals by shunts or auxiliary 
transformers. 


6.3.1 Instantaneous Overcurrent Unit 


Ап operational amplifier instantaneous overcurrent unit 
is shown in Figure 3-53. Input current i is converted to 
a proportional voltage through shunt R and filtered by 
an active bandpass filter (OA1). The pickup at other 
than the system frequency is significantly higher to min- 
imize harmonic effects. OA2 is an adjustable gain 
inverting amplifier with a gain of 


_ Pl 


The amplified signal — К, is rectified by OA3 and OA4. 
When the signal from OA2 is negative, OA3 forces its 
output positive while the input to the (+) terminal of 
OA4 will be negative through R7. This back-biases diode 
D1 to disconnect the OA3 output to OA4. OAA acts 
as a voltage follower with its output negative and fol- 
lowing the (+) terminal input. When OA2 output goes 
positive, the output of OA3 goes negative and applies 
a negative input to the (+) terminal of OA4 through 
D1. With Қ5 equal to R6, OA3 is a unity gain inverter 
with the input to OA4 negative when the OA3 input is 
positive. 


6.3.2 Sequence Networks 


Sequence networks can be designed by using opera- 
tional amplifiers. A negative sequence circuit is shown 
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Figure 3-53 An instantaneous overcurrent unit. 
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іп Figure 3-54. From Chapter 2, we һауе 
1 
L- 3 (la + ah, + al) 


With phase-shift units (Figure 3-50), I, is shifted 240° 
and I, 120°. With adder units, the final output is 


R о 
ey = 3 (I, + I, 2240? + LZ 120°) 
and with В = 10. 


(I, ~ al. - al.) 


apr 


Positive sequence and composite filters can be designed 
following the same techniques. 


6.3.3 Threshold Squarers and Square-Wave 
Detectors 


These basic units are used in phase-comparison pilot 
Systems. А typical circuit is shown in Figure 3-55. The 
outputs provide square waves at a low level for keying 
to a remote terminal, and at a high level for local 
comparison. 

The top circuit X has an adjustable noninverting am- 
plifier and a level detector. If the sine wave is of suf- 
ficient magnitude to exceed the level detector setting 
(R4 and R5), the level detector output switches to 0 
during the positive half-cycle as shown in the wave traces. 
P1 determines the magnitude at which the output 
switches. At low currents, the output remains 1, whereas 
at high currents, the output is a square wave. 

The middle circuit Y is similar to X except that an 
inverting amplifier is used, to provide a positive output 
from a negative input current. At high currents, the 
level detector switches from 1 to 0 during the negative 
half-cycle input. 

The lower circuit Z generates a symmetrical square 
wave at low currents. At no current, it has a 1 output. 
The circuit is similar to the X circuit. P3 is much larger 
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Figure 3-54 A operational amplifier negative sequence 
network. 
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Figure 3-55 А threshold squarer and square wave detector. 


than R3, and R8 much larger than R9 to provide a high- 
gain and low-level detector-switching voltage. Square- 
wave detection is accomplished with the operational 
amplifier timing circuit whose output is D. Resistor R11 
should be greater than R10 so that the capacitor C 
discharge rate is less than the charge rate. With no 
square wave (i.e., no current), then capacitor C will 
remain fully charged, causing the level detector follow- 
ing it to remain switched in the low state. However, if 
a square wave exists, then the zero transitions allow 
capacitor C to discharge below the level detector thresh- 
old, causing output D to become 1. When the square 
wave becomes 1 during the opposite half-cycle, the charge 


rate of R11, C, is high enough to prevent further switch- 
ing of the level detector. 


7. MICROPROCESSOR ARCHITECTURE 


Relay design has evolved from electromechanical and 
solid-state to microprocessor. The functions of electro- 
mechanical sensing units, sequence networks and solid- 
state logic units are performed through the processing 
of digital signals. The microprocessor component, in- 
tegrated with RAM and ROM devices, and software 
programs make up the basic unit in microprocessor re- 
lay design. 
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Protection Against Transients and Surges 


W. A. ELMORE 


1. INTRODUCTION 


The sporadic damped phenomena that occur in elec- 
trical systems are generally described as transients and 
surges. In this book, the two terms are considered syn- 
onymous and will be used interchangeably. In some 
references, however, transients refer to those phenom- 
ena related to lumped system parameters; surges refer 
to those phenomena related to distributed parameters. 
For any disturbance in an electrical circuit, such as the 
opening or closing of a switch or breaker, the associated 
damped transients may be either oscillatory or unidi- 
rectional. Surges also appear as traveling waves with a 
distinct propagation velocity. In such cases, wave re- 
flections may produce voltages substantially greater than 
the forcing voltage that initiated the phenomenon. 
Lightning surges must be considered as well. With rare 
exception, however, experience indicates that only high- 
voltage systems need be protected against lightning. 

From a relaying standpoint, the effect of transients 
and surges on secondary control circuits is of principal 
importance. Primary transients affect secondary circuits 
through common electrical connections, such as “ground” 
circuits, electrostatic or electromagnetic induction, as 
well as current and voltage transformers. 


1.1 Electrostatic Induction 


A simplified version of electrostatic pickup is shown in 
Figure 4-1. An error signal is introduced into the “signal 
lead" via the mutual coupling capacitance Cy. The mag- 
nitude of the coupled voltage V, is Cyy/(Cy + Co) per 
unit of V,, as long as Кү and Rg are very high. V, is 
the effective noise voltage and Кр the effective load 
resistance of the noisy lead. The lower Кү and Rg are, 
the lower the transient voltage. If Кү and К; are so low 
that their effect predominates, the voltage on the signal 
lead becomes approximately К-См (dV,/dt), where Rr 
is the parallel equivalent of К; and Rs, апа dV,/dt 
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the rate of change of the noise voltage. The voltage on 
the signal lead cannot however exceed Cm/(Cm + Co) 
per unit, regardless of the rate of change of the noise 
voltage. 

In some systems such as those used in solid-state 
relaying, where negative— rather than ground—is the 
“соттоп,” the equivalent circuit is that shown in Fig- 
ure 4-2a. The basic circuit is rearranged in Figure 4-2b. 


1.2 Electromagnetic Induction 


Figure 4-3 illustrates electromagnetic pickup. Flux- 
linking of the signal pair. resulting from current flow 
in an adjacent circuit. induces a false signal voltage. 
The total induced loop voltage is MdI/dt, where M is 
the effective mutual impedance between the two circuits 
and dI/dt the rate of change of current I. Transposing 
the signal circuit will reduce the induced voltage, as 
shown in Figure 4-4. 


1.3 Differential- and Common-Mode 
Classifications 


Surges can be classified into two modes: differential 
(also known as normal or transverse) and common (also 
known as longitudinal). 

Differential-mode surges produce voltage on a pair 
of conductors in the same way as a legitimate signal. 
Differential-mode signals are illustrated in Figures 4-1. 
4-2, 4-3, 4-8, and 4-9. 

Common-mode surges produce equal voltages on a 
pair of conductors, with respect to some common ref- 
erences. Common-mode surges are generated as shown 
in Figure 4-7. Common-mode voltage is also produced 
by the circuit shown in Figure 4-2. if Су, equals Cm2 
and Ca, equals Со. 

Differential-mode surges are more likely to produce 
misoperation of equipment. whereas common-mode 
surges are more likelv to produce dielectric failure. (Note 
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Figure 4-1 Equivalent circuit for electrostatic induction 


with common ground return. 


also that purely common-mode surges, when applied to 
unbalanced circuits, will produce a differential-mode 
component and vice versa.) 


2. TRANSIENTS ORIGINATING IN THE 
HIGH-VOLTAGE SYSTEM 


2.1 Capacitor Switching 


Primary circuit transients are frequently generated by 
capacitor switching and are substantially more severe 
when interruption is accompanied by restriking. 


2.1.1 Single-Bank Capacitor Switching 


Figure 4-5 demonstrates what happens when a capacitor 
bank is energized by closing a switch. A high-frequency, 
high-magnitude current I flows. The capacitance of the 
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Figure 4-2 Equivalent circuit for electrostatic induction 
without common ground return. 
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Figure 4-3 Electromagnetic induction. 


bus and connected apparatus cause the same phenom- 
enon to occur when a bus section is energized. Unless 
precautions are taken to avoid transients, such switch- 
ing can cause 5- to 6-kV peaks in secondary circuits. 
Figure 4-6 illustrates what happens if restriking occurs 
when a capacitive current is interrupted. 

At the instant of interruption (current zero), full volt- 
age Ус is trapped on the capacitor bank. This voltage 
cannot change unless further current flows. The source 
voltage Ур, however, continues to vary sinusoidally. If 
the interruption cannot support the recovery voltage, 
a restrike occurs and current flows again. (The recovery 
voltage is Vc — Уы.) The most unfavorable instant of 
restriking is shown in Figure 4-6. With continuity re- 
established, Ус equals Ур. In the process of equaliza- 
tion, considerable overshoot occurs, and both Ур and 





Figure 4-4  Transposing the signal circuit to minimize elec- 
tromagnetic induction. 
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Figure 4-5 Transients generated by energizing a capacitive 
circuit. 


Ус approach three times normal line-to-neutral peak 
voltage. The current flow, immediately following the 
restrike, is also very high. The current oscillates at the 
natural frequency of the circuit and decays with time, 
as governed by the circuit time constant. 


2.1.2 Back-to-Back Capacitor Switching 


Back-to-back capacitor switching consists of the ener- 
gization of one bank of capacitors adjacent to a pre- 
viously energized bank. Back-to-back capacitor switch- 
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Figure 4-6 Transients generated by opening a capacitive 
circuit. 
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ing is much like the energization of a single bank, except 
that the effective inductance is generally very much 
lower. The capacitance, on the other hand, is only 
somewhat lower, since it is the series combination of 
the bank capacitance and capacitance of the unit or units 
that were energized before the switch was closed. For 
these reasons, the magnitude and frequency of the cur- 
rent are generally much higher for back-to-back ener- 
gization than single-bank energization. 


2.2 Bus Deenergization 


Bus dropping is similar to capacitor bank deenergiza- 
tion. except the capacitance C is very much smaller. 
Current magnitude is also generally smaller, and the 
frequency is higher. When a simple disconnect is used 
to drop the bus, the nonlinearity and prolonged exist- 
ence of the restriking arc cause significant electrical 
noise. These characteristics together with the large volt- 
ages and currents that accompany restrikes produce one 
of the most severe surge influences in a substation. 
Surges of up to 8 kV have been measured in secondary 
circuits during disconnect arcing. 


2.3 Transmission Line Switching 


Transmission line switching is also similar to capacitor 
bank switching, except for the distributed nature of the 
inductance and capacitance of the line. The inrush cur- 
rent tends to be substantially less than that for capacitor 
bank switching. Frequency is inversely proportional to 
the length of the transmission line. 


2.4 Coupling Capacitor Voltage Transformer 
(CCVT) Switching 


These transformers contain capacitance voltage- 
dividing networks. After energization, deenergization, 
and restriking, they are subjected to the same high- 
frequency, high-current phenomenon experienced in the 
other cases of lumped capacitance switching. Even in 
a well-designed capacitance voltage transformer, there 
is perceptible capacitance between the high-voltage and 
low-voltage windings (Figure 4-7). At the high fre- 
quencies associated with capacitor device switching, the 
impedance of this capacitance will be small. A surge 
voltage is developed during disconnect restriking around 
the path g-g'-p-q-x or y and is roughly equivalent to L 
di/dt — M di/dt + Ri. (L and К are the inductance and 
resistance of the ground lead of the voltage device, and 
M is the mutual impedance between the ground lead 
and voltage leads.) If M equals L, the total surge voltage 
reduces to Ri. In practice, M can never equal L, but it 
will approach it if the potential leads are placed as close 
as possible to the ground lead. This arrangement will 
lessen the transient voltage between the voltage leads 
and ground. 
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Figure 4-7 Surge in secondary leads during disconnect switch 
restriking on a capacitance voltage transformer. 


Since voltage transformers are inductive devices, they 
are not subject to this phenomenon. 


2.5 Other Transient Sources 


Many other switching-type operations generate tran- 
sients: unequal pole-closing of a circuit breaker, fault 
occurrence, fault clearing, load-tap-changing, line re- 
actor deenergization, series capacitor gap flashing and 
reinsertion, and so forth. In general, the peak magni- 
tude of such transients is substantially less than for the 
phenomenon described above. 


3. TRANSIENTS ORIGINATING IN THE 
LOW-VOLTAGE SYSTEM 


3.1 Direct Current Coil Interruption 


During interruption of an inductive circuit, such as a 
relay coil, the L di/dt effect may produce a large voltage 
across the coil (Figure 4-8). In general, the voltage will 
be greatest at the instant of interruption. Voltage mag- 
nitude will generally be independent of the supply cir- 
cuit characteristics and equal to the difference between 
the extinction voltage of the interrupting contact and 
the battery voltage. The surge voltage increases as a 
function of the speed with which the interruptor forces 
current zero. Although voltages in excess of 10 kV have 
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Figure 4-8 Transients produced by interruption of an in- 
duction circuit. 


been generated across 125-V coils in laboratory tests, 
2.5 kV is a more typical value. 


3.2 Direct Current Circuit Energization 


Energizing a circuit that is capacitively coupled to ad- 
jacent or nearby circuits can produce a transient in the 
latter circuits (Figure 4-9). When switch 1 is closed, Vz 
appears as a false signal across the effective resistance 
of the adjacent circuit. Initially, full battery voltage 
appears across the coupled circuit. This voltage then 
decays exponentially, in accordance with the RC time 
constant. 


3.3 Current Transformer Saturation 


Current transformer saturation, which may produce very 
high secondary voltage, is caused by high primary cur- 
rent, poor current transformer quality, or excessive bur- 
den. The surge repeats during each transition from sat- 
uration in one direction to saturation in the other. 
The voltage appearing at the secondary consists of 
high-magnitude (possibly several kV) spikes with alter- 
nating polarity that persist for a few milliseconds every 
half-cycle. 
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Figure 4-9 Transients produced in adjacent circuits by dc 
circuit energization. 


3.4 Grounding of Battery Circuit 


When а ground occurs on the dc system, the distributed 
and lumped capacitance of a system may cause sensitive 
devices to operate. Figures 4-10 and 4-11 illustrate trip 
circuit behavior in the event of an accidental ground. 
Comparable phenomena can cause sensitive close cir- 
cuits and tripping relays to malfunction. 
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Figure 4-10 Accidental ground on battery positive. 
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Figure 4-11 Accidental ground on trip lead. 


4, PROTECTIVE MEASURES 
4.1 Separation 


4.1.1 Physical Separation 


Noise in critical circuits can be controlled effectively by 
physically separating quiet and noisy circuits. Since mu- 
tual capacitance and mutual inductance are inverse log- 
arithmic functions of distance, small increases in dis- 
tance produce substantial decreases in circuit interaction. 

Similarly, control circuits should be routed perpen- 
dicular to noisy circuits. For example, a cable duct should 
be run perpendicular to a high-voltage bus when pos- 
sible. Another way of effectively controlling surges is 
to group circuits with comparable sensitivities. Low- 
energy-level circuits, especially, should be grouped to- 
gether and placed as far as possible from power circuits. 


4.1.2 Electrical Separation 


Circuits can, of course, also be separated electrically. 
For example, surges can be controlled by the discrim- 
inate application of inductance to block conduction of 
high-frequency transients into protected regions. This 
principle is illustrated by the filter circuit shown in Fig- 
ure 4-12. High-frequency transients are diverted harm- 
lessly to ground. 

Transformer isolation (Figure 4-13) puts an effective 
common-mode barrier between segments of a system. 
High capacitance from each winding to ground and low 
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Figure 4-12 Choke coil isolation. 


capacitance from winding to winding further reduce 
common-mode interaction between windings. 


4,2 Suppression at the Source 
4.2.1 Resistor Switching 


Transient voltages can be kept comparatively low by 
equipping disconnects and circuit breakers with resis- 
tors that are inserted during operation of the device. 


For reasons of economy, this arrangement 1s occasion- 
ally used to restrict the surge level in substations. 


4.2.2 Parallel Clamp 


The surge associated with coil interruption can be vir- 
tually eliminated by paralleling the coil with a zener 
diode. Where an extended dropout time is undesirable, 
a varistor may be substituted for the zener diode ar- 
rangement. Although the varistor allows a higher surge 
than the zener diode, its limiting action is satisfactory. 

The zener diode Z, in Figure 4-14 performs a dual 
surge function. First, it minimizes the inductive "kick" 
produced by the deenergization of the auxiliary coil. 
Also, when the 101T contact manually trips breaker A, 
the voltage induced in TC-2 by the interruption of cur- 
rent flow іп TC-1 (caused by 52a-1 opening) cannot 
cause the auxiliary relay to pick up undesirably. Neither 
the late opening of 52a-2 nor the presence of current 
path I will have any effect. Zener Z4 will allow forward 
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Figure 4-13 Transformer isolation for common mode 
voltage. 
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Figure 4-14 Zener 7, applied for surge suppression. 


voltage of only approximately 0.7 V, which is insuffi- 
cient to operate the auxiliary relay. This scheme pre- 
vents undesirable tripping of breaker B. 

The transient associated with extreme ac saturation 
of a current transformer can also be squelched by in- 
troducing a voltage-limiting device across the second- 
ary. Silicon carbide devices can be used in this protec- 
tive function. 


4.2.3 Suppression by Termination 


Figures 4-1, 4-2, 4-3, and 4-9 illustrate the value of 
reduced input impedance Кү in restricting the magni- 
tude and/or duration of transients. However, if Кү is 
reduced, the energy requirement for operation is in- 
creased, and more heat is generated when legitimate 
inputs are applied. 

A small capacitor offers another method of reducing 
input impedance at high frequency, with little effect at 
50 ог 60 Hz or on dc. This device neither requires a 
higher input energy for operation nor generates heat. 
One such widely used capacitor is a 0.01-uf ceramic 
capacitor. It limits a 2500-У, 1-MHz surge, with 150 
source to 350 V peak to peak. Short leads to the ca- 
pacitor are imperative. 

When sensitive relays, trip circuits, and close circuits 
exist in a substation, the capacitance on the ас must be 
restricted if false operations are to be avoided when a 
ground occurs. 


4.3 Suppression by Shielding 


A signal lead that is shielded and has one or more 
grounds will have increased capacitance to ground Со 
(Figure 4-1). For high Rs and R, values, this increase 
in capacitance to ground reduces the “false” signal volt- 
age V, that results from the presence of an adjacent 
noisy lead. If a shield were used in Figure 4-2, it would 
surround the signal lead and the common negative and 
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Figure 4-15 А standard input buffer circuit for solid state 
relays. 


would be grounded in one or more locations. This ar- 
rangement tends to force Cy,/Cg, to equal Су/Со›, 
and апу capacitively induced signal voltage across Кү 
to be 0. 

Grounding a shield at both ends allows shield current 
to flow. Shield current resulting from magnetic induc- 
tion will tend to cancel the flux that created it. The net 
effect of the shield on the signal lead is to reduce the 
noise level. Both ends should not be grounded if the 
shield is the signal return path. 


4.4 Suppression by Twisting 


Measures that cause the signal and return leads to oc- 
cupy essentially the same space minimize the effect of 
differential-mode coupling (Figure 4-4). As shown by 
the polarity marks, twisting a pair of leads cancels the 
effect of adjacent circuit flux. Also, twisting the signal 
lead and negative causes Cy, to equal Cm2, and Сс; to 
equal Со; (Figure 4-2). This technique substantially re- 
duces the influence of the adjacent noisy lead. 

A combination of shielding and twisting effectively 
minimizes the influence of surges in adjacent circuits. 
For circuits properly treated with SPP capacitors at the 
terminal blocks, shielding is not required for static re- 
laying circuits inside a panel or switchboard. These SPP 
capacitors are 750-V dc oil-filled capacitors. Shielded 
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twisted pair conductors are required for (са -27:7;. 
level circuits routed outside a panel. 

One lead of the shielded twisted pair is norma... 22 
signal lead. The other lead (except where it is sensi? 
contact status) connects the negatives of the two de- 
vices. Within a panel, electrostatic coupling is the only 
significant intercircuit transient influence. A single ground 
on the shield, therefore, is sufficient. For consistency. 
ground should be at the input end. 
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4.5 Radial Routing of Control Cables 


Circuits routed into the switchyard from the control 
house should not be looped from one piece of switch- 
yard apparatus to another with the return conductor in 
another cable. Rather, all supply and return conductors 
should be in a common cable. This arrangement avoids 
the large EMI (electromagnetic induction) associated 
with the large flux loop that would otherwise be 
produced. 


4.6 Buffers 


Another effective method of delaying and desensitizing 
à circuit is to use a buffer (Figure 4-15). Without causing 
the transistor to conduct or damaging any element, this 
buffer can accommodate a test source operating at 1 to 
1.5 MHz with a 150-О source impedance directly across 
the input (differential mode) and a 2500-V (open cir- 
cuit) first peak, which decays to 1250 V in 6 or more 
psec. The buffer can also withstand a sustained 7-Vdc 
input, or a high dc input voltage of sufficient duration 
to produce a minimum 4000-js- V product (for example, 
20 V for 200 us). 

Buffering low-energy-level circuits greatly decreases 
the susceptibility of static relays to surge damage or 
malfunction and, in general, eliminates the need for 
shielding circuits inside a relaying panel. 


4.7 Optical Isolators 


Optical isolators can provide excellent electrical sepa- 
ration between two circuits. Figure 4-16 describes an 
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Figure 4-16 Optically isolated input. 
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Figure 4-17 Optically isolated output. 


input isolator. When the LED is conducting, as a result 
of a voltage being applied at the input, base drive is 
provided for the phototransistor and it conducts, sup- 
plying a "logical" input to the protected equipment. 

Similar isolation is accomplished for an output by a 
circuit such as that of Figure 4-17. 


4.8 Increased Energy Requirement 


Surges can also be endured by raising the threshold 
voltage or energy level at which operation occurs. The 


equivalent circuits of Figures 4-10 and 4-11 show that 
half-maximum battery voltage, applied through the ap- 
propriate capacitance, must not be allowed to trip the 
breaker or operate any other devices. An auxiliary relay 
designed to pick up at 71 V or more will not respond 
to a single ground on a dc circuit with a maximum 
operating voltage of 140 V, regardless of the magnitude 
of the capacitances on the system. (Note that the higher- 
voltage design will not solve the problem shown in Fig- 
ure 4-9; the higher-energy-level restriction will.) 
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Instrument Transformers for Relaying 


W. A. ELMORE 


1. INTRODUCTION 


Instrument transformers are used both to protect per- 
sonnel and apparatus from high voltage and to allow 
reasonable insulation levels and current-carrying ca- 
pacity in relays, meters, and instruments. Instrument 
transformer performance is critical in protective relay- 
ing, since the relays can only be as accurate as the 
information supplied them by the instrument trans- 
formers. Standard instrument transformers and relays 
are normally rated at 5 or 1 A, 100, 110, or 120 V, 50 
or 60 Hz. 

Where the relays operate only on current or voltage 
magnitude, the relative direction of current flow in 
the transformer windings is not important. Relative 
direction (and, therefore, polarity) must be known, 
however, where the relays compare the sum or differ- 
ence of two currents or the interactions of several 
currents or voltages. The polarity is usually marked on 
the instrument transformer but can be determined if 
necessary. 


2. CURRENT TRANSFORMERS 


One major criterion for selecting a current transformer 
ratio is the continuous current ratings of the connected 
equipment (relays, auxiliary current transformers, in- 
struments, etc.) and of the secondary winding of the 
current transformer itself. In practice, with load current 
normally flowing through the phase relays or devices, 
the ratio is selected so that the secondary output is 
around 5 A (or 1 A) at maximum primary load current. 
When delta-connected current transformers are used, 
the \/3 factor must be considered. 

Although the performance required of current trans- 
formers varies with the relay application, high-quality 
transformers should always be used. The better-quality 
transformers reduce application problems, present fewer 
hazards, and generally provide better relaying. The 
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quality of the current transformers is most critical for 
differential schemes, where the performance of all the 
transformers must match. In these schemes, relay per- 
formance is a function of the accuracy of reproduc- 
tion—not only at load currents, but also at all fault 
currents as well. 

Some differences in performance can be accommo- 
dated in the relays. In general, the performance of 
current transformers is not so critical for transmission 
line protection. The current transformers should repro- 
duce reasonably faithfully for faults near the remote 
terminal, or at the balance point for coordination or 
measurement. 


2.1 Saturation 


For large-magnitude, close-in faults, the current 
transformer may saturate; however, the magnitude of 
fault current is not critical to many relays. For example, 
an induction overcurrent relay may be operating on the 
flat part of the curve for a large-magnitude, close-in 
fault. Here it is relatively unimportant whether the cur- 
rent transformer current is accurate, since the timing is 
essentially identical. The same is true for instantaneous 
or distance-type relaying for a heavy internal fault well 
inside the cut-off or balance point. In all cases, however. 
the current transformer should provide sufficient cur- 
rent to operate the relay positively. 


2.2 Effect of dc Component 


“Тһе presence of dc in the primary current can be par- 


ticularly detrimental to ct performance. This phenom- 
enon is described in Section 6. "Direct Current Satu- 
ration." dc in fault current on an ac power system is a 
decaying phenomenon. If a ct is going to saturate due 
to the dc component of fault current, it will do so in 
the first few cycles. Until this effect takes place, the 
fidelity of transformation is reasonably good, and in- 
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stantaneous overcurrent and distance relays тау per- 
form their task before the ct performance collapses. 
Following the disappearance of the dc component of 
fault current, the behavior of the ct will again improve. 
The error of transformation may then be predicted by 
using one of the methods described in Section 4. 


3. EQUIVALENT CIRCUIT 


An approximate equivalent circuit for a current trans- 
former is shown in Figure 5-1. Current is stepped down 
in magnitude through the perfect (no-loss) transfor- 
mation provided by windings ab and cd. The primary 
leakage impedance (Zp) is modified by n? to refer it 
to the secondary. The secondary impedance is 21; 
Rm and Xm represent the core loss and exciting 
components. 

This generalized circuit can be reduced, as shown in 
Figure 5-1b. Z,, can be neglected, since it influences 
neither the perfectly transformed current Ij/n nor the 
voltage across Xm. The current through Xm, the mag- 
netizing branch, is I., the exciting current. The Rm 
branch produces a negligible influence. 

The phasor diagram, with exaggerated voltage drops, 
is shown in Figure 5-1c. In general, Z; is resistive and 
Zp is resistive or has a lagging angle. I. lags V.g by 90° 
and is the prime source of error. Note that the net effect 
of I, is to cause I, to lead and be smaller than the 
perfectly transformed current I,,/n. 

Any simple equivalent diagram for a current trans- 
former is, at best, crude. Exciting current is accom- 
panied by harmonics that, in turn, produce harmonic 
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Figure 5-1 The equivalent circuit and phasor diagram of 
a current transformer. 
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relay currents. An analysis for application purposes is 
usually made on the basis of sinusoidal fundamental 
quantities. Although this approach is highly simplified, 
the equivalent diagram is an excellent tool for picturing 
the phenomenon and estimating the approximate per- 
formance to be expected. 


4. ESTIMATION OF CURRENT 
TRANSFORMER PERFORMANCE 


A current transformer's performance is measured by its 
ability to reproduce the primary current in terms of the 
secondary; in particular, by the highest secondary volt- 
age the transformer can produce without saturation and, 
consequently, large errors. Current transformer per- 
formance with symmetrical (mode) primary current can 
be estimated by: 


Formula 
The current transformer excitation curves 
The ANSI transformer relaying accuracy classes 


The first two methods provide accurate data for analy- 
515; the latter gives only a qualitative appraisal. All three 
methods require determining the secondary voltage V. 
that must be generated 


Vea = Vs = (7% Zea + Zg) (5-1) 
where 
У, = the rms symmetrical secondary induced voltage 


(Figure 5-1) 
= the maximum secondary current in amperes 
(symmetrical) 
Zg = the connected burden impedance in ohms 
Z4. = the secondary winding impedance in ohms 
Zieaa = the connecting lead impedance in ohms 


= 
= 
! 


i] 


4.1 Formula Method 


The formula method uses the fundamental transformer 
equation 


У, = 444 fANB,,.,1078 (volts) (5-2) 


where 


f = frequency in Hertz 
A 


the cross-sectional area of the iron core 
in square inches 


N = number of turns 
Bmax = flux density in lines per square inch 


Both the cross-sectional area of the iron and its satu- 
ration density are sometimes difficult to obtain. Current 
transformers generally use silicon steels, which saturate 
from 77,500 to 125,000 lines/in.?. The lower figure is 
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typical for current transformers built before 1947; a 
value of 100,000 is typical of most transformers. 

The formula method consists of determining V, using 
Equation (5-1), then calculating Bmax using Equation 
(5-2). If Вл, exceeds the saturation density, there will 
be appreciable error in the secondary current. 

Assume, for example, that a 2000:5, high-permea- 
bility silicon steel transformer has a 3.1 in.? of iron and 
a secondary winding resistance of 0.31 Q. The maximum 
current for which the current transformer must operate 
is 40,000 A at 60 Hz. The relay burden, including the 
secondary leads, is 2.0 O. Will this current transformer 
saturate? 

If the current transformer does not saturate, the sec- 
ondary current I, would be 40,000 divided by 400, or 
100 A, since N equals 400. Thus, the current trans- 
former should be able to produce a secondary voltage 
Vs of 100(2.0 + 0.31) or 231 V. Equation (5-2), solved 
for Bmax, will determine whether the current trans- 
former can reproduce this current 


231 x 108 
4.44 x 60 x 3.1 x 400 
— 70,000 lines/in.? 





Baa 752 


Therefore, the current transformer should have iron 
that will not saturate below 70.000 lines/in.?. Since 
the current transformer in this example uses high- 
permeability silicon steel, it will not saturate with sym- 
metrical primary current. 


4.2 Excitation Curve Method 


A typical excitation curve for a current transformer is 
shown in Figure 5-2. These data represent rms currents 
obtained by applying rms voltage to the current trans- 
former secondary, with the primary open-circuited. The 
curve gives the approximate exciting current require- 
ments for a given secondary voltage. 

With this method, a curve relating primary current 
to secondary current can be developed for the tap, lead 
length, and burden being used (Figure 5-3). Any value 
of primary current can then be entered on the curve to 
determine the expected value of secondary current. 

The following examples will illustrate some of the 
problems encountered in estimating current trans- 
former performance using the excitation curve method. 


Example 1 Phase Relays 


The breaker has a multiratio 600:5 bushing current 
transformer and the feeder is protected with overcur- 
rent relays. The relays should operate for approxi- 
mately 60-A rms symmetrical primary current. The total 
burden on the current transformer, including the cur- 
rent transformer secondary resistance, is 1.6 О per phase 
when the relays are on the 6-A tap and 3 О per phase 
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Sec Exciting Amps- Te 


Current Turn Sec. 
Ratio Ratio Res. 1 


50:5 10:1 061 
100:5 20:1 ‚082 
150:5 30:1 .104 Notes: 
200:5 40:1 125 1) Above The Line, The Voltage for a Given 
250:5 50:1 .146 Exciting Current Will Not Бе Less Than 
300:5 60:1 .168 95% of The Curve Value. 


400:5 801 211 | 
450:5 90:1 .230 2) Below The Line, The Exciting Current for 
a Given Voitage Will Not Exceed The 


500:5 100:: .242 
600:5 120:1 .296 Curve Value by More Than 25%. 


Figure 5-2 Exitation curves for a multiratio bushing cur- 
rent transformer with an ANSI accuracy classification of C100. 


on the 3-A tap. The excitation curve for the transformer 
is shown in Figure 5-2. 

One approach would be to use a current transformer 
ratio of 60:6, or 10 (the 50:5 tap), to take advantage 
of the lower burden on relay tap 6 


N = 10 turns 
I, = 6A to operate the relay 
Vs = LZ total = 6 x 1.6 = 9.6 V 


t 


le їн 


Notes: 

a) Assume |, 

b) Vg = ц Zy Where 27 = 
21 + Z Leads + Z Burden 


c) Find le from Curve 
d) (L + len = IH 
е) Repeat and Plot Curve 


Figure 5-3  Excitation curve method. 





76 


From the excitation curve for У; of 9.6 У, I. would be 
6 A, and МІ, equals 60. Therefore, the primary pickup 
current is 


I; = Nl, + NI, = 60 + 60 = 120A 


This value is considerably higher than the 60 A desired. 
In theory, when making the phasor addition, the angle 
of the burden and the exciting branches should be taken 
into account. This refinement is not necessary, how- 
ever, since it is obvious from the curve of Figure 5-2 
whether or not the current transformer would be op- 
erating in the saturated region. 

An alternative approach would be to use a ratio of 
60:3, or 20 (the 100:5 tap), with the higher burden of 
the 3-A relay tap. If we use this ratio, N equals 20, and 
I; equals 3 A to operate this relay 


Vs = LZ total = 3 x 3=9V 


From the excitation curve (Figure 5-2), І. equals 0.5 А, 
and NI, 10. The primary pickup current Ij; would be 


I, = 60 + 10 = 70.0 A 


This value is closer, but still too high. 

Now suppose that the breaker has two sets of current 
transformers, with the secondaries connected in series. 
Then each current transformer carries one-half the bur- 
den, or 1.54 О on the 3-A tap. This value is slightly 
more than one-half of 3.0 О because of the secondary 
resistance of the added transformer. Using the 100:5 
tap, we obtain 


N = 20 turns 
I, = ЗА 
У; = 3 x 1.54 = 4.62 V per transformer 


Then, from Figure 5-2, we have 


= 0.33 
NI, = 6.6 
I; = 3 x 20 + 6.6 = 66.6 А 


Although this alternative offers some improvement, Iy 
is not as close to the desired 60 A as might have been 
expected. In both cases, the current transformer is op- 
erating on the straight-line part of the characteristic, 
making significant improvement difficult. On the other 
hand, two 50:5 current transformers in series would 
show a marked improvement over the 50:5 ratio. Here 
Ij, calculated by the above methods, is 71 A. While 
much better than 120 A, this value is still not as good 
as the 66.6-A pickup obtained using the two current 
transformers with a 100:5 ratio. 

Similar evaluations can be made for other configu- 
rations. 


Chapter 5 


Example 2 Phase and Ground Relays 


The following example, shown in Figure 5-4, will de- 
termine the minimum primary current that will operate 
ihe phase and ground relays. 

Phase Relays For the phase relays, the total phase 
burden Z equals 0.68 plus 0.08, or 0.76 Q, where 0.08 
is the current transformer secondary resistance on the 
100:5 tap (N = 20) 


5 А (to operate the relay on the 5-А tap) 
0.76 х5 = 3.8 У 


Ш 


I 
Vs 


1) 


From Figure 5-2, we get 
I, = 0.28 А 
Ij = N(I, + I.) = 20(5 + 0.28) = 105.6 A primary 


If we neglect the exciting current (T.), this value would 
become 20 times 5, or 100 A primary, when using the 
100:5 current transformer ratio. 


Ground Relays If we assume the ground current flows 
only in phase a, the equivalent circuit is shown in Figure 
5-5. To obtain 0.5 О through the ground relay, with its 
impedance assumed here of 22 О, 11 V must be pro- 
duced across the ground relay. If we neglect the small 
unknown voltage across the phase relays, this ground 
relay voltage will appear across the phase-b and phase-c 
current transformers to excite them from the secondary 
side. From Figure 5-2, an I, of 0.6 A develops 11 V 
across these current transformers. The accuracy re- 
quired, generally, does not warrant correction for the 
small phase relay drop. However, such a correction 
could be made on a trial-and-error basis. 

Thus. the phase-a relay circuit must supply 0.6 plus 
0.6 plus 0.5, or 1.7 A. Given the phase relay impedance 
of 0.68 О and current transformer impedance of 0.08 









222 on 
0.5 Amp Tap 


0.682. on 
5 Amp Tap 


Figure 5-4 Connections for the Example Number 2 illus- 
trating calculation of current transformer performance. 
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4— 5 Amperes 





5 N- 20 for Example 


Equivalent Circuit for 
Current Transformers 


Negligible 
Lead Resistance 


Figure 5-5 Equivalent circuits and distribution of currents 
for a ground fault with the connections of Figure 5-4 in Ex- 
ample 2. 


О, or 0.76 О total, the phase-a current transformer must 
supply 


Vs = 11 + (1.7 x 0.76) = 12.3 V 
I, = 0.8 А (from Figure 5-2) 

1 =17+ 08 = 2.5 А 

Ig = 2.5 x 20 = 50 A primary 


Thus, 50 A is required to operate the ground relav. If 
the exciting requirements of the three current trans- 
formers had been ignored, the current required to op- 
erate the ground relay would have been estimated to 
be 0.5 times 20, or 10 A primary. From this, it is ap- 
parent that such may be a significant factor. 

Using the 200:5 tap on the current transformer could 
improve sensitivity here. Dramatic improvement would 
also be possible if a modern, low-impedance ground 
relay were substituted. 


4.3 ANSI Standard: Current Transformer 
Accuracy Classes 


The ANSI relaying accuracy class (ANSI C57-13) 
is described by two symbols— letter designation and 
voltage rating—that define the capability of the 
transformer. 

The letter designation code is as follows: 


C: The transformer ratio can be calculated. 
T: The transformer ratio must be determined by test. 


The C classification covers bushing current transformers 
with uniformly distributed windings, and any other 
transformers whose core leakage flux has a negligible 
effect on the ratio within the defined limits. 
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formers and any others whose core leakage flux абест: 
the ratio appreciably. 

The secondary terminal voltage rating (Figure 5-o: 
is the voltage that the transformer will deliver to a stand- 
ard burden at 20 times normal secondary current, with- 
out exceeding a 1046 ratio error. 

Figure 5-6 shows the secondary voltage capability for 
various C-class current transformers, plotted against 
secondary current. With a transformer in the C100 ac- 
curacy class, for example, the transformer ratio can be 
calculated, and the ratio error will not exceed 10% 
between 1 and 20 times normal secondary current if the 
burden does not exceed 1.0 Q (1.0 0 х 5A x 20 = 
100 V). 

ANSI accuracy class ratings apply only to the full 
winding. When there is a tapped secondary, a propor- 
tionately lower-voltage rating exists on the taps. 


4.3.1 Current Transformer Data 


The following current transformer data, required for 
relaying service application, should be supplied by the 
manufacturer: 


Relaying accuracy classification. 

Mechanical and thermal short-time (1-sec) ratings. Both 
ratings define rms values that the transformer is ca- 
pable of withstanding. For mechanical short-time rat- 
ings. the rms value is that of the ac component оға 
completely displaced primary current wave. The 
thermal 1-sec rating is the rms value of the primary 
current that the transformer will withstand with the 
secondary winding short-circuited. without exceed- 
ing the limiting temperature of 250°C for 55°C-rise 
transformers, or 350°C for 80°C-rise transformers. 
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700|__+- Error Will Not Exceed 10% 
for Secondary Voltage Equal 
to or Less Than Value 
Described by Curve 
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Figure 5-6 ANSI accuracy standard chart for class C cur- 
rent transformers. 
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The short-time thermal current rating for any period 
of 1 to 5 s is determined by dividing the 1-6 current 
rating by the square root of the required number of 
seconds. 

Resistance of the secondary winding between the wind- 
ing terminals. Data should be presented in a form 
that allows the value for each published ratio to be 
determined. 

For T-class transformers, the manufacturer should sup- 
ply typical overcurrent ratio curves on rectangular 
coordinate paper. The plot should be between pri- 
mary and secondary current, over the range from 1 
to 22 times normal current, for all standard burdens 
up to the one that causes a ratio error of 50% (Figure 
5-7). 

For C-class transformers, the manufacturer should also 
supply typical excitation curves on log-log coordinate 
paper. The plot should show excitation current and 
secondary terminal voltage for each published ratio 
from 1% of the accuracy class secondary terminal 
voltage to a voltage (not to exceed 1600 V) that will 
cause an excitation current of 5 times normal sec- 
ondary current (Figure 5-2). 


The ANSI standard burden is defined with a 50% 
power factor. These standard ohmic burden values are 
identified in Figure 5-6. When fewer than the total num- 
ber of turns are in use on the C-class current trans- 
former, only a portion of that burden can be supplied 
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Figure 5-7 Typical overcurrent ratio curves for а Т class 
current transformer. 
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without exceeding the 10% error. Maximum permis- 
sible burden is defined mathematically by 


= NpVa 


Zs = 100 C2) 


where 


Zs = permissible burden on the current 
transformer - 


Мь = turns in use divided by total turns 
Va = current transformer voltage class 


Standard relaying burdens are listed in Table 5-1. 
B-0.1, B-0.2, and B-0.5 B-0.9, and B-1.8 are standard 
metering burdens. These burdens are defined with a 
0.9 power factor. 

The following example shows current transformer 
calculations using ANSI classifications. The maximum 
calculated fault current for a particular line is 12,000 
A. The current transformer is rated at 1200:5 and to 
be used on the 800:5 tap. Its relaying accuracy class is 
C200 (full-rated winding); secondary resistance is 0.2 
0. The total secondary circuit burden is 2.4 €) at a 60% 
power factor. Excluding the effects of residual mag- 
netism and dc offset, will the error exceed 10%? If so, 
what corrective action can be taken to reduce the error 
to 10% or less? 

The current transformer secondary winding resist- 
ance may be ignored because the C200 relaying accu- 
racy class designation indicates that the current trans- 
former can support 200 V plus the voltage drop caused 
by ct internal secondary resistance at 20 times rated 
current, for a 5096 power-factor burden. The ct sec- 
ondary voltage drop may be ignored then if the sec- 
ondary current does not exceed 100 A 








800 
М = — = 160 
5 
12,000 
L === = 75 А 
800160 
Table 5-1 Standard Relay Burden Designations 
Characteristics for 60-Hz and 
5-A secondary circuit 
Standard 
burden Impedance Power 
designation (г) УА factor 
B-1 1.0 25 0.5 
B-2 2.0 50 0.5 
B-4 4.0 100 0.5 


B-8 8.0 200 0.5 
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The permissible burden is given by 


NpV a 
Zn. =—— 
B 100 (5-4) 

_ 800 | (proportion of total 

Ne 1200 - л turns in use) 

Thus 

_ 0.667(200) _ 

2в = 100 = 1.3340 


Since the circuit burden, 2.4 Q, is greater than the cal- 
culated permissible burden, 1.334 О, the error will ex- 
ceed 10% at the maximum fault current level (75 A). 
Consequently, it is necessary to reduce the burden, use 
a higher current transformer ratio, or use a current 
transformer with a higher relaying accuracy class 
voltage. 


5. EUROPEAN PRACTICE 


In Europe, current transformers are described in terms 
of protection and measurement classes. The protection 
classes are those of most interest in relaying, and they 
carry the designation P, a maximum error of 5 or 10%, 
a corresponding volt-ampere burden, a rated current, 
and an accuracy limit factor. For example, a 30 VA 
class, 5P10, 5 A ct is compatible with a 30 VA contin- 
uous burden at 5 A. This corresponds to a 6 V output. 
It produces no more than 5% error at 10 x 6 = 60 V. 
The permissible burden is 30/(5 x 5) - 1.20. 

Three types of ct's are defined by the TPX, TPY. 
and TPZ designations. 


5.1 TPX 


The TPX is a nongapped core current transformer with 
a 0.5% ratio error and secondary time constant of 5 sec 
or more. It may be used with other TPX or TPY ct's, 
in all types of protection applications. 


5.2 TPY 


This ct has a gapped core and secondary time constant 
of 0 to 10 sec. It has a ratio error of +1% and larger 
cost than the TPX. Its transformation of the dc com- 
ponent of fault current is not as accurate as the TPX. 
It may be combined with other TPX or TPY ct's in any 
relaying application. Its advantage is that its remanent 
flux is quite small compared to that of a nongapped 
core ct. 


5.3 TPZ 


TPZ ct's have a linear core with a secondary time con- 
stant of 60 + 6 msec for 50-Hz and 50 + 5 msec for 
60-Hz applications. This provides a very short dc col- 
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lapse time, making the ct suitable for breaker failure 
applications in which the overcurrent supervision is sus- 
ceptible to dc influence. When used in combinations. 
it should be used only with other TPZ cts. It has a 
= 19 ratio error at the rated primary current. 


6. DIRECT CURRENT SATURATION 


To this point, current transformer performance has been 
discussed in terms of steady state behavior only, without 
considering the dc component of the fault current. Ac- 
tually, the dc component has far more influence in pro- 
ducing severe saturation than the ac fault current. The 
dc component arises because (1) the current in an in- 
ductance cannot change instantaneously and (2) the 
steady-state current, before and after a change, must 
lag (or lead) the voltage by the proper power-factor 
angle. 

Figure 5-8 shows the current immediately following 
fault inception for two cases: fully offset and with no 
offset. In the fully offset case, the fault is assumed to 
Occur at the instant that produces the maximum dc com- 
ponent. In the second case, the fault occurs at a time 
that produces no dc offset. 


` -5- Foult Occurs 








a) Fully Offset 






lj, = Load Current 
ір = Fault Current 
V = Voltage 


-— Fault Occurs 
b) No Offset 


Figure 5-8 Current immediately after fault inception. 


80 


Figure 5-9 shows ап example of the distortion апа 
reduction in the secondary current that occurs as a result 
of de saturation. Note the improvement in performance 
as the de diminishes. 

If Vk = 6.28 IRT, the dc component of a fault current 
will not produce current transformer saturation. In this 
expression, 


Ук = voltage at the knee of the saturation curve, de- 
termined by extending the straight-line portions 
of the curve to find their intersection 

I = symmetrical secondary current in amperes rms 
R = total secondary resistance in ohms 

T = dc time constant of the primary circuit in cycles 
T = (Lp/R,)f 


where 


Lp 


primary circuit inductance in henries 
Rp = primary circuit resistance in ohms 


f 


l 


frequency 


Direct current saturation is particularly significant in 
bus differential relaying systems, where highly differing 
currents flow to an external fault through the current 
transformers of the various circuits. Dissimilar satura- 
tion in any differential scheme will produce operating 
current. 

Figure 5-10 shows how current transformer satura- 
tion relates to time. Severe current transformer satu- 
ration will occur if the primary circuit dc time constant 
is sufficiently long and the ас component sufficiently 
high. Curves d, e, and f of Figure 5-10 show that the 
ас component requires substantially greater flux than 
that needed to satisfy the ac component. 

Time is required to reach saturation flux density. 
This time can be estimated from Figure 5-11, as follows: 


From the current transformer excitation curve for the 
tap in use, determine Vy from the intersection formed 
by extending the two straight-line segments of the 
curve. Note that both axes must have the same log- 
arithmic scales as is illustrated in Figure 5-2. 

Calculate V,/IRT. 


I Secondary 
Without Saturation 


1 Secondary 
With Saturation 











Figure 5-9 Dc saturation of current transformer. 
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а) Current Wave With Maximum Assymmetry. 
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b) Voltage Wave Required to Force Ас Component 
Through Secondary Resistance. 


Thru Resistance {В 
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с) Voltage Wave Required to Force Dc Component 
Through Secondary Resistance. 
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d) Flux Variation to Induce Voltage Wave (b). 
5 


дү 
: | 


1 


Flux 


% 1 2 


е) Flux Variation to Induce Voltage Wave (с) 


Flux 





f) Total Flux Variation. 


Figure 5-10 Current transformer flux during assymetrical 
fault. (One cycle time constant.) 


Obtain t/T from Figure 5-11. 
Calculate t, the time to saturate. 


Vx must be modified if residual flux is to be considered. 
For example, with a residual flux of 90%, the saturation 
voltage value must be multiplied by 1 minus 0.9, or 0.1, 





Instrument Transformers for Relaying 


6.28 





Saturation Curve 
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T = Primary Circuit Time Constant, Cycles 
t = Time to Saturate, Cycles 
VK = Threshold Voltage for Saturation, Volts 
| = Symmetrical Secondary Current, Amperes 
R = Secondary Circuit Resistance, Ohms 
le = Exciting Current 
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2+1 6.28IRT. 
Curve Assumes T > 3 Cycles 





Figure 5-11 


to determine the earliest time to saturation. This will 
give a conservative value for time to saturation. 


7. RESIDUAL FLUX 


Any iron-core device will retain a flux level even after 
the exciting current falls to 0. Superimposed on this 
residual flux are variations in core flux, dictated by the 
current transformer secondary current and secondary 
burden. 

Figure 5-12 shows the importance of previous loading 
history on current transformer residual flux level. Sup- 
pose a current transformer has a residual flux defined 
by point a. If a symmetrical sinusoidal primary current 
starts to flow, requiring a flux variation as shown, the 
pattern between a and A will be traced out. The average 
value of the dc exciting current with this pattern is I,. 
This current flows in the secondary and has no coun- 
terpart in the primary. It decays with the time constant 
associated with the secondary circuit. At the completion 
of this transient, the pattern has moved to cC with an 
equal flux variation that is symmetrical around the ver- 
tical axis. The pattern continues to be traced out. If the 
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(а) Current transformer time to saturate. (b) Current transformer, time to saturate (expanded scale). 


circuit were now interrupted, the residual flux would 
have the value existing at the moment of interruption, 
which is quite different from the initial value assumed. 
In fact. any value of flux between 0 and the saturation 


Flux A Y 


Equal Flux 


2 Variation 
Amperes Exciting Current 











Figure 5-12 Residual flux in current transformer. 
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level may be retained in the core, depending оп pre- 
vious events. 

Reducing the residual flux to 0 requires the appli- 
cation of a secondary voltage high enough to produce 
saturation, followed by a gradual reduction of the volt- 
age to 0. 

A current transformer with an air gap in the core 
has a fairly low residual flux, approximately 10% of 
saturation density. Residual flux for current trans- 
formers with no intentional air gap is approximately 
90% of saturation density (max). 

Air-gap current transformers do not saturate as rap- 
idly as devices without air gaps subjected to equal cur- 
rent and burden. However, the magnetizing current is 
higher, resulting in greater ratio and phase-angle errors. 

After interruption of the primary current, residual 
flux decays very slowly (taking approximately 1 sec). 
and the secondary current collapses slowly. Also, air- 
gap units are more costly to manufacture, since the 
small air gap must be both accurate and maintainable. 

Although in theory residual flux can cause relaying 
problems, there have been very few documented 
cases in which the residual flux has caused a relay 
misoperation. 


8. MOCT 


The MOCT (magneto-optic current transducer) relieves 
many of the problems associated with current transfor- 
mation. This device utilizes the Faraday effect to pro- 
duce a high-accuracy analog output that is not influ- 
enced by iron saturation. The Faraday effect is the 
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Figure 5-13 Faraday rotator concept. 
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Figure 5-14 Faraday effect current sensing. 


rotation of the plane of polarization when plane polar- 
ized light is sent through glass in a direction parallel to 
an applied magnetic field. This is illustrated in Figure 
5-13. The angle of rotation is directly proportional to 
the strength of the magnetic field. 

In the application of this principle to current meas- 
urement, the transmission line current is the source of 
the magnetic field (see Figure 5-14). The strength of 
the field is directly proportional to the instantaneous 
current magnitude. By placing the rotator (Faraday- 
effect sensor) in proximity to the transmission line con- 
ductor and comparing the angle of rotation of a light 
beam, a voltage is generated that is directly propor- 
tional to current. 

This voltage is then used as an input to protective 
relays at a level and in a way that is virtually identical 
to that which is used when current transformers supply 
the relay through a current to voltage transformation. 


9. VOLTAGE TRANSFORMERS AND 
COUPLING CAPACITANCE VOLTAGE 
TRANSFORMERS 


Voltage transformers (formerly called potential trans- 
formers) and coupling capacitance voltage transformers 
are selected according to two criteria: the system volt- 
age level and basic impulse insulation level required by 
the system on which they are to be used. Under ANSI, 
two nominal secondary voltages, 115 and 120 V, are 
allowed for voltage transformers; the corresponding line- 
to-neutral values are 115/4/3 and 120/V3. The appli- 
cable voltage depends on the primary voltage rating, as 
given in ANSI C57.13. The nominal secondary voltages 
for coupling capacitance voltage transformers are 115 
and 66.4 V. 

Most protective relays applied in the United States 
have standard voltage ratings of 120 or 69 V, depending 
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Figure 5-15 Тһе equivalent circuit and phasor diagram of 
a voltage transformer. 


on whether they are to be connected line to line or line 
to neutral. 


9.1 Equivalent Circuit of a Voltage 
Transformer 


The equivalent circuit of a voltage transformer (vt) is 
shown in Figure 5-15. Since regulation is critical to ac- 
curacy, the circuit may be reduced to that shown in 
Figure 5-15b. The phasor diagram of Figure 5-15c has 
greatly exaggerated voltage drops to emphasize that, 
for typical transformers and burdens, the secondary 
voltage usually lags the “perfectly transformed" pri- 
mary voltage and is deficient in magnitude. Typical rated 
maximum errors for these devices are 0.3, 0.6, and 
1.2%. Voltage transformers have excellent transient 
performance, faithfully reproducing abrupt changes in 
the primary voltage. 


Steady State 





Figure 5-16 А typical subsidence transient of older type 
coupling capacitor voltage transformers. 
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Figure 5-17 Simplified schematic of a coupling capacitor 
“tage transformer. 


9.2 Coupling Capacitor Voltage 
Transformers 


Coupling capacitor voltage transformers (ecvt) and 
bushing capacitor voltage transformers are less ex- 
pensive than voltage transformers at the higher volt- 
age ratings, but may be inferior in transient perform- 
ance. With these voltage devices, a subsidence transient 
accompanies a sudden reduction of voltage on the 
primary. This voltage may be oscillatory at 60 Hz or 
some other frequency, or it may be unidirectional. A 
representative severe secondary transient is shown in 
Figure 5-16. 

Figures 5-17 and 5-18 illustrate the source of the 
subsidence transient in the ccvt. In Figure 5-18, ele- 
ments L and C generally contain stored energy when a 
disturbance, such as a fault, occurs on the primary. 
Because of the "ringing" tendency inherent in the RLC 
circuit, a sudden short circuit on the primary does not 
produce an instantaneous collapse of the voltage ap- 
plied to the relays. The extent and duration of the de- 
viation from the perfectly transformed voltage depend 
on the values of R, L, and C. Other transients are 
introduced by the presence of ferroresonant suppres- 
sion circuits and the relays themselves. 

A voltage transformer is not significantly affected bv 
comparable transients and will reproduce primary tran- 
sients with excellent fidelity. Modern ccvts, such as the 
РСА-7, have capabilities approaching those of the volt- 
age transformer. 

The subsidence transient of the ccvt may influence 
the behavior of some relays. Solid-state phase and ground 
distance relays, used in a zone 1 direct trip tunction. 


C L R ` 


To Primary To Relays 


Circuits 


Figure 5-18 Equivalent diagram of + coupling capacitor 
voltage transformer. 
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Table 5-2 ABB ccvt's 
p.u. Transient 
Steady- Capacitance response 
state Max. (1p.u. = (% voltage) 
p.u. accuracy burden 0.006 at 115 
Туре Cost (%) (УА) kV) 8 msec 16 msec 
РСА5 — 1.2 200 1.0 23:5 12 
PCA-7 1.57 1.2 200 4.1 7 6.2 
PCA-8 1.0 1.2 200 1.0 23.5 12 
PCA-9 1.94 0.3 400 41 15 10.5 
РСА-10 1.26 1.2 200 44 17.5 11 


РСМ-Х 2.51 0.3 400 41 12 9.5 


may be seriously affected Бу the temporary excessive 
reduction of voltage during the decay period. These 
relays either must be designed with a special provision 
that allows the subsidence transient to be ignored, be 
time-delayed to override the transient period or they 
must have their reach shortened sufficiently to avoid 
false tripping. 

Table 5-2 describes a group of ABB ccvt’s with dif- 
fering costs and performance. The transient response 
column indicates, in general, the degree of compati- 
bility with different relaying systems. High-speed, direct 
trip, restricted reach relays require either the use of the 
fast response ccvt’s or provision in the relaying system 
to accommodate or eliminate the effect of the error. 
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Figure 5-19 Neutral inversion оп an ungrounded power 
system. 
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The transient response data are based on the percentage 
of voltage remaining at the ccvt output terminals at the 
times indicated following sudden reduction of primary 
voltage from rated voltage to 0, with initiation at zero 
crossing. The burden is as defined in ANSI C93.1. 

The impedance of capacitance voltage transformers 
should not be high enough to produce erroneous be- 
havior in the static compensator distance relays. Ex- 
cessive impedance may cause false tripping for a reverse 
fault. For this reason, bushing voltage devices rated 
below 230 kV should not be used with solid state dis- 
tance relays. Bushing voltage devices аге, in general, 
seldom used. Their burden capability is limited and 
transient performance poor. 


9.3 MOVT/EOVT 


Voltage sensing also may be accomplished using fiber- 
optic technology. The MOVT uses the Faraday effect 
described above, sensing the current flowing through a 
capacitor stack connected from line to ground. Another 
voltage-sensing device, the EOVT, uses a Pockel cell 
rather than the Faraday rotator. Its principle uses light 
from an optical fiber, which is passed through a special 
crystal that produces equal components in the X and Y 
directions. An electric field causes one of these com- 
ponents to be retarded, and this results in a phase dif- 
ference between the two components. This, in turn, 
changes the light intensity at the sensor fiber in pro- 
portion to the electric field. With additional refine- 
ments, it produces an analog output proportional to the 
electric field present, and this is, in turn, proportional 
to the instantaneous magnitude of the voltage at the 
point of measurement. 


10. NEUTRAL INVERSION 


Neutral “inversion,” in which ground becomes external 
to the system voltage triangle, can occur on ungrounded 
systems with a single potential transformer connected 
line to ground. Figure 5-19 shows the possible voltage 
across an unloaded voltage transformer. Note that an 
X,/X,, ratio of 3 would theoretically cause an infinite 
voltage across the voltage transformer. Such a situation 
never occurs, of course, because X,, reduces as satu- 
ration occurs. 

By loading the transformer carefully, this large, sus- 
tained overvoltage phenomenon can be avoided. Cau- 
tion should always be exercised when the secondary 
voltage of the transformer is used for synchronism check, 
since the loading will cause a phase shift. 





6 


Microprocessor Relaying Fundamentals 


W. A. ELMORE 


1. INTRODUCTION 


From the power-system viewpoint, microprocessor or 
numerical relays are not unlike electromechanical, solid- 
state, or digital relays. Currents and voltages must be 
measured and compared with set points, or with each 
other, and action must be deferred or initiated. Other 
inputs such as received carrier, 52b switch position, 
choice of pilot system, etc. temper the action. 

However, numerical relays must work within the 
framework of data sampled moment by moment. Cur- 
rents, for example, are not treated on a continuous 
basis, but they, like all of the input quantities, are sam- 
pled one at a time at as fast a speed as the data handling 
and storage hardware can accommodate. 

The microprocessor has afforded us in protective re- 
laying the remarkable capability of sampling voltages 
and currents at very high speed, manipulating the data 
to accomplish a distance or overcurrent measurement, 
retaining fault information and performing self- 
checking functions. The utilization of this new tech- 
nology has also presented us with new challenges re- 
garding the manner in which information is handled and 
manipulated. 

With multiple electromechanical or solid-state de- 
vices operating concurrently, time coincidence is no 
problem. However, a microprocessor literally can han- 
dle only one task at a time. Multiplexors can sample 
only one quantity at a time so voltages and currents are 
not time-coincident. The awesome task of the program- 
mer is to accommodate these peculiarities and devise 
ways for the microprocessor to accomplish the tasks in 
the right order and to cause comparisons to be made 
^ased on the correct voltages and currents without the 
error associated with data skew. Data skew is intro- 
Juced by the comparison of quantities taken nonsi- 
multaneously. 

To allow the sampling of a fixed quantity rather than 
a rapidly changing quantity, the sample-and-hold circuit 
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is usually used in numerical relays. An example of this 
is shown in Figure 6-1. Since even the simplest relaying 
function requires that multiple inputs be read, a mul- 
tiplexer is used. This is a device that allows all the input 
quantities to be sampled (read) one at a time. 

The microprocessor requires that the information be 
presented to it in digital form, usually an 8- or 16-bit 
word. The conversion process from the analog signal 
(which is simply a scaled dc quantity that is represen- 
tative of the sampled quantity) to the digital signal is 
accomplished with an A/D converter. Manv varieties 
of these devices have been used over the years. The 
range and sampling rate required dictate the choice for 
a particular design for a protective relav. 

The microprocessor accepts the sampled data and 
stores it for future use in RAM (random access mem- 
ory). The data are acted on by algorithms or compari- 
sons defined by the program memory, which is stored 
in ROM (read-only memory) or more widely the ЕРКОМ 
(erasable programmable read-only memory). The pro- 
gram stored in ROM or EPROM is nonvolatile. 

Another vital element in the architecture required 
for microprocessor relaying applications is the NO- 
УКАМ (nonvolatile RAM) or EEPROM (electrically 
erasable programmable read-only memory). Data that 
are stored in this type of memory are not lost when 
power is removed from the relay. Settings and target 
data are usually stored here. 

Microprocessor-based algorithms typically require 
time-coincident sampling of the input quantities. Con- 
siderable ingenuity is used to address this in real-time 
processes, particularly in relaying applications where so 
much is dependent on the time relationship between 
quantities. There are two basic methods of sampling 
data, both of which use a sample-and-hold circuit. An 
example of one method is shown in Figure 6-2. Using 
separate sample-and-hold circuits for each input, the 
microprocessor directs a "freeze" to occur at each sam- 
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Figure 6-1 Typical sample and hold. 


pling point. The S/H circuit holds this sampled value 
until the microprocessor can read in each value through 
the multiplexor and A/D circuit. The microprocessor 
then directs the S/H circuit to resume the sampling pro- 
cess until the next freeze signal. 

An alternate sampling method that is less expensive 
is to use a single S/H circuit for all inputs. This is shown 
in Figure 6-3. A time correction factor is applied to 
each sample after the first in a group. 

It is known precisely what difference in sampling 
times exist and therefore all the samples in a time- 
sequence sampled (multiplexed) group can be con- 
verted to coincident samples by applying an angle cor- 
rection. Of course, other methods can be used. 


2. SAMPLING PROBLEMS 


Because of the practical limitation of sampling rates in 
a numerical relay, a varying input such as an ac current 
or voltage will be perceived by the relay considerably 
differently from its actual continuous waveform. High 
frequencies in the waveform cannot only fail to be iden- 


tified due to inadequacies in the sampling process, but 
тау indeed present themselves as a lower-frequency 
component. Once this error intrudes into the process, 
it cannot be reconstituted and removed. Either the error 
must not be allowed to occur in the first place by fil- 
tering out the offending frequencies or a process such 
as asynchronous sampling must be used. The mecha- 
nism of a high-frequency component in an input wave- 
form manifesting itself as a low-frequency signal is called 
aliasing. It will now be described using a phasor tech- 
nique that may clarify the concept for the reader. 


3. ALIASING 


Figure 6-4 depicts the representation of a simple sine- 
wave by a phasor as it rotates. The projection of the 
phasor on the vertical] axis, at a given time, represents 
the magnitude of the sinewave at that time. Note that, 
to do this, the phasor must be represented by its peak 
value, not its rms value. Phasors are generally manip- 
ulated, however, using rms values. They are generally 
shown for a single frequency. Figure 6-5 extends this 





LPF - Low-Pass Filter 


Figure 6-2  Microprocessor relay with individual sample/hold. 
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S/H - Sample and Hold 
A/D - Analog to Digital Converter 
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Figure 6-3 Basic hardware for microprocessor relay. 


to show a fifth harmonic phasor superimposed on the 
fundamental and the distorted sinusoid that is generated 
by the combination. The fifth harmonic phasor, of course, 
rotates through 450° in the time required for the 60-Hz 
fundamental phasor to rotate through 90°. 

Now the effect of high-frequency distortion of the 
waveform on the sampling process can be examined. 
Figure 6-6 uses an example of a seventh harmonic and 
an 8 per cycle sampling rate. 

It can be seen that the normal circle for the funda- 
mental is distorted into an ellipse by the presence of 
the harmonic. Thus, when the total waveform is con- 
structed by the projection on the vertical, it can be seen 
to be deficient in magnitude. This is the phenomenon 
known as aliasing. It is the appearance of a high- 
frequency signal as a lower-frequency signal that dis- 
torts the desired signal. 


4. HOW TO OVERCOME ALIASING 
41 Antialiasing Filters 


This effect may be removed by filtering the high-fre- 
quency components from the input. The element that 
accomplishes this function is called an antialiasing filter. 


ot 








Figure 6-4 Generation of a sine wave by a phasor. 


The “Nyquist criterion" states that in order to avoid 
the aliasing error, frequencies above one-half the sam- 
pling rate must be removed. 


4.2 Nonsynchronous Sampling 


When the luxury of time exists in the relay response, 
an alternate to the antialiasing filter can be used. Noth- 
ing is lost in shifting the sampling points for the fun- 
damental frequency component of the quantity being 
measured. For example. in Figure 6-7. it is not critical 
that the first sample be taken at the zero crossing. It 
may be taken at any arbitrary point with the following 
samples being equally spaced at the sampling rate. If 
then, after collecting eight samples in this case, a jump 
is introduced to delay the beginning of the collection 
of the next eight samples, by a time corresponding to 
180° of a particular high-frequency quantity (25.71° on 
a 60-Hz basis for the seventh harmonic), an interesting 
effect takes place. If the measured quantity appears to 
be too low, as a result of the presence of the harmonic, 
for the first fundamental cycle (see Figure 6-6), it will 
for the second cycle (following the jump) appear to be 
too high by the same amount. Thus, a comparison of 
information in the adjacent cycles allows the effect of 
the seventh harmonic to be removed. 

If the speed requirement of the device allows. then 
it is possible to eliminate the error associated with a 
particular harmonic without an antialiasing filter. Note. 
however, while other harmonic frequency components 
in the input signal are attenuated by this asynchronous 
sampling procedure, the effect of onlv one frequency 
is eliminated. This concept has been used successfully 
in the MCO and MMCO relays. 


5. CHOICE OF MEASUREMENT PRINCIPLE 


With electromechanical relavs. the designer has little 
choice with regard to whether electrical quantities are 
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Figure 6-5 Phasor representation for fundamental and fifth harmonic. 


to be interpreted in terms of peak value, average value, 
rms value, or fundamental frequency value. With the 
power of the microprocessor, the designer can apply 
any of these measurement techniques. 


5.1 rms Calculation 


The digital determination of root-mean-square values 
of waveforms is quite similar to the conventional ana- 
lytical methods. Equations (6-1) and (6-2) illustrate this. 
By squaring the magnitude of each sample (1„) over a 
cycle and summing that with other Squares, dividing the 
sum by the number of samples and taking the square 
root, an rms value can be extracted from a complex 
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waveform. 


" 1 4 ER 
Analog rms = = А I5, sin? wt dt (6-1) 


1 8 
Digital rms = % 5e (6-2) 
n-i 


Time overcurrent devices that are to be coordinated 
with other apparatus which experience PR heating ef- 
fects (such as fuses, conductors, and transformers) have 
been developed with an rms response. For applications 
in which harmonic effects are generated by apparatus 
such as six-pulse rectifiers, it may be required that the 
harmonics be ignored. Relays have been designed using 
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Figure 6-6 Aliasing effect of seventh harmonic. 
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Figure 6-7 Waveform samples taken from a sinusoid. 


microprocessor techniques that are responsive only to 
the fundamental frequency component of the input 
waveform. 


5.2 Digital Filters 


Any periodic waveform can be represented by a fun- 
damental and series of harmonic frequencies. Any par- 
ticular frequency can be extracted by utilizing Equa- 
tions (6-3) through (6-5) 


2 fT 
a, = Т; — f(t) cosnot dt (6-3) 

2 (Tw 
b, = T, 25. Ға) sinnot dt (6-4) 
f,(t) = a, cosw,t + b, sinw,t (6-5) 


The sum of the product of the function and the sine of 
the frequency that is to be extracted, taken over the 
period of the fundamental, produces a total that con- 
tains only the desired frequency. This is the fundamen- 
tal premise of Fourier analysis. This calculation coupled 
with a similar one using a cosine function instead of a 
sine allows the complete magnitude and phase position 
of the desired frequency to be obtained. 

With this integration, any desired frequency, such as 
a 60-Hz fundamental, can be extracted from a distorted 
periodic waveform, and all other frequencies will be 
excluded. 


5.3 Fourier-Notch Filter 


The comparable digital process involves the multipli- 
cation of individual samples by stored values from a 
reference sinewave and summing the products over a 
full cycle 


N-1 
Ас- > fx(t)Cax 
K-0 


N-1 
As = b ІК(ОС»ьк 
K=0 
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2 K 
CAK = N cos( 235) 

2 K 
Cex = N Б 


К = number of sample 
N = samples per cycle 


f(t) = the original function 
Та = the period of the waveform 


n = the order of the harmonic 


Consider, for example, an application in which there 
are eight samples per (fundamental 60-Hz) cycle. The 
corresponding samples of a sinewave may be chosen as 
0, 0.707, 1.0, 0.707, 0, -0.707, —1.0, and -0.707. 
These are fixed values, being sinK27/8, where К are 
the samples 0 to 7 and 2т/8 corresponds to 45?. These 
values are then multiplied by 2/N to obtain the constants 
that are used. 

If then the sampled values of the measured quantity 
over a full cycle are multiplied by these constants in the 
proper order and summed, the process of Equations 
(6-3) and (6-4) is duplicated. This provides information 
that excludes all frequencies except the fundamental. 
By this process, any frequency component can be iso- 
lated and utilized to perform a desired function. From 
this process results a function A, — K sinot. 

Similarly, by using a set of cosine function constants, 
the sample multiplication and summation can generate 
a function A, = К cosot. Since sin?ot + cos*wt = 1, 
A; + A? = K?. Thus, the peak value of a particular 
frequency component can be found by taking the square 
root of A2 + A2. Also since sinwt/coswt = tanot, A,/ 
A, = (К sinot)/K coswt = tanot. 

The angle of the function can be found by 


Ө = tan !A/A, 


This algorithm is called a **Fourier-notch" filter. 


5.4 Another Digital Filter 


Other forms of digital filtering are used for specific 
applications. In the IMPRS series of relays, four sam- 
ples per cycle are used. These samples may begin at 
any point in the cycle, such as at angle in Figure 6- 
7. The values of the individual samples can be described 
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as 
S, = sin(ot + ф) 
S, = sin(wt + ф + 90°) 
S, = sin(ot + Фф + 180°) 
S, = sin(wt + $ + 270?) 
S; = sin(wt + ф) 


Digital filtering can be accomplished with the following 
procedure: 


Ss = $, ~ S, – S; + 5, 
= 24/2 sin(wt + ф — 45°) 


Similarly, 
Sc = S, — S, — S, + S 
= 24/2 cos(wt + ф — 45°) 


These values were related to the simple sinewave of 
Figure 6-7 with a peak value of 1.0 for a sinewave, Im 
sin(wt + ф). The value of Im, the peak value, can be 
obtained by 


М5 + 52 
22 


This digital filter also has other useful qualities. If we 
consider a dc current, it is obvious that S, — S, — S, 
+ S, = 0 because each sample is the same magnitude. 
Similarly, a linearly decaying ramp wave shape will also 
produce a sum equal to 0. Since the dc component of 
fault current has an exponential decay, which is between 
the constant dc input and linearly decaying input, it also 
is severely attenuated by this process of summing. 

Using four samples per cycle, this digital filter re- 
moves all of the even harmonics. With 60-Hz waveform 
samples taken at 90% intervals, the samples of 120 Hz 
would occur at 180° intervals. Every other sample will 
be equal, so S, - S, = 0 and S, — S, = 0. The second 
harmonic is eliminated by the summation $$ = S, — 
S, — S, + Sy. With the fourth harmonic, the samples 
are taken at 360? intervals and being equal also produce 
Ss — 0. All even harmonics are eliminated. 


In = 


5.5 ас Offset Compensation 


dc offset in the fault current occurs as a result of two 
natural laws: (1) Current cannot change instantaneously 
in an inductance and (2) current must lag the applied 
voltage by the natural power-factor angle of the system. 
dc offset produces no desirable effects in overcurrent 
ог distance relays. To make these devices responsive 
only to the ac component of fault current, it is necessary 
to remove the dc by some expedient. 

The maximum dc component of the fault current is 
ІҺ(1 — е 7), where IL, is the peak value of the sym- 
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metrical ac fault current, t the time in cycles, and T the 
dc time constant of the circuit that limits the fault cur- 
rent. The dc removal algorithm can be exact if T is 
known. Unfortunately, for a given system it is likely to 
vary considerably. 

Many algorithms have been used. One uses the con- 
cept that a sample of the fundamental component of 
current has the same magnitude as, and the opposite 
sign to, a sample taken 180? later. The dc components 
for each of these samples are the same (if we assume 
this component is truly dc). Thus, for a 480-Hz sampling 
rate 


+ 
Offset = Ik * lei Ic. 


where I, is the value of a sample of current and Ik-4 
the value taken four samples previously. With eight 
samples per cycle, these samples would be 180? apart 
and the effect of the sinusoidal component would be 
nullified in the summation. The offset may then be used 
as a correction factor for the samples taken in this 
interval. 

With a decaying dc as opposed to an unvarying value, 
some error is introduced in this process, depending on 
the dc time constant. 


5.6 Symmetrical Component Filter 


Another interesting digital filter, utilizing three samples 
per cycle, is embodied in the MPR relay. In most ap- 
plications, time-coincident quantities are necessary, but 
as the following symmetrical component definitions 
suggest, quantities that are 120 or 240? displaced in time 
are useful 


1 
Tay = 3 ПА + alg + але) 
1 2 


1 
Ino = 3 (la + In + Ic) 


where 
а = 12120° 


The normal analog process for extracting Ід, for ex- 
ample, from the three-phase currents is to rotate Ic by 
120% and Ig by 240°, and add both to I4. With digital 
techniques, an alternate procedure can be used. A sam- 
ple of I, is added to a sample of Іс that is taken 120° 
later, then the sum is added to I, taken 240° later, giving 
the instantaneous value of 314, that existed at the time 
of the I4 sample. Figure 6-8 illustrates this process. А 
similar procedure is used to extract 3I4, from the in- 
dividual samples of I4, Ig, and Ic that are taken at 5.55- 
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Figure 6-8 Sum of samples taken 120 apart equivalent to 
I, + al, + alg taken at S,. 











ms (120°) intervals. Note the 50° shift in the sampling 
interval at S; and S,. This assures over several cycles 
that a reasonable distribution of samples is obtained 
and an accurate measurement of negative sequence cur- 
rent is achieved. This algorithm is useful for long-term 
effects such as motor heating, but is unsatisfactory for 
fault detection. The accuracy of this method is de- 
pendent on the nature of the harmonics. 


5.7 Leading-Phase Identification 


An interesting task for a microprocessor is to take a 
collection of nonsimultaneous samples of voltages and 
currents, determine the related phasors, modify them 
as the algorithm dictates, and compare the resulting 
time-coincident phasors to establish which leads the other 


А = а, + ja, 





B = b, + jb, (6-6) 
a.b a.b 
. = у х ms X y 
“ЛҮ JAI) [ABI 


Equation (6-6) shows the concept that has been devel- 
oped for digital relays following many years of expe- 
rience with various analog devices with similar func- 
tions. It states simply and remarkably that phasor A 
leads phasor B, if the product a,b, is more positive than 
a,b,. 

Only the difference in products, ayb, - a,b,, is re- 
quired to determine which phasor leads the other. No 
divide function, no sine or tangent calculation, and no 
table lookup are required, thereby providing very ef- 
ficient use of the microprocessor. If y, the angle by 
which phasor A leads phasor B, is between 0 and 180°, 
the sine of у is positive. With |A| [В| being always pos- 
itive, siny is positive if a,b, is more positive than a,b,. 


5.8 Fault Detectors 


Fault detectors provide an additional level of security 
in a relaying application. They have been traditionally 


of the simple-phase overcurrent variety with the irz- 
quent addition of ground overcurrent. When the zzz: 
current/load current ratio is small, compromises mus: 
be made in the settings. Modern technology allows more 
refined ‘‘fault detection." 

AI, phase current change, and AV, phase-to-ground 
voltage change, can be implemented simply by using a 
comparison of samples at similar points in adjacent cycles 
as shown in Figure 6-9. These changes, along with a 
change in zero sequence current, provide a clear indi- 
cation of the need for a distance or directional unit to 
make a decision, and therefore, they are used to shift 
some relaying systems (MDAR, REL-301) to “аш 
mode." 

By using AI (phase or І, current change), a relaying 
system can discriminate between loss of voltage caused 
by a fault and that caused by potential circuit problems. 
AI is present for faults and not loss of potential. 


6. SELF-TESTING 


Тһе ability to monitor much of the hardware is an in- 
herent part of any relaying system equipped with a 
microprocessor. Some contain a provision for identi- 
fying specific types of failure, whereas others indicate 
only the general condition of check-failure, requiring a 
more detailed examination to pinpoint the nature of the 
failure. 


6.1 Dead-Man Timer 


As part of the housekeeping tasks that are generally 
performed, a dead-man timer (also called watchdog 
timer) supervises the fact that the microprocessor is 
cycling. If the microprocessor fails to perform a given 
function within a predetermined band of time limits, 
an alarm output is produced. 
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Figure 6-9 А1 fault detector. 
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6.2 Analog Test 


Periodically. a known value of voltage is substituted for 
the normal inputs to the multiplexer. The output of the 
A/D converter is then checked for agreement with the 
known input. If there is disagreement, an alarm output 
results. If there is agreement, the multiplexer, sample 
and hold, and A/D converter are proven to be in good 
working order. 


6.3 Check-Sum 


Any memory segment that is unchanging such as the 
ROM (read-only memory) can be checked through the 
process of adding up the contents of the memory and 
periodically verifying that the sum is fixed. Any change 
in the contents of the ROM following power-up con- 
stitutes a failure and will produce an alarm. 


6.4 RAM Test 


Random access memory is completely checked during 
the initializing process when power is applied to the 
relay. Word patterns are written and read. Any in- 
consistencies are identified. 


6.5 Nonvolatile Memory Test 


Some relays utilize nonvolatile memory for storing de- 
tails that are pertinent to the operation of the relay, 
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but will be changed by the user from time to time. Ап 
example of this is the settings. By storing the settings 
in three locations when they are first entered and com- 
paring these three periodically, assurance is obtained 
that they are correct. Inconsistency produces an alarm. 

The ability to test themselves is one of the principal 
advantages of microprocessor relays. It relieves the need 
to apply external quantities to them periodically to ver- 
ify their capability to perform their intended function. 
At the same time, it should be recognized that no relay 
is able to completely test itself in all respects. Backup 
relays are still required even though those failures that 
do occur in microprocessor relays have a high proba- 
bility of being identified immediately. 


7. CONCLUSIONS 


The introduction of microprocessor technology into 
protective relaying has afforded us the ability to achieve 
new functions and self-checking provisions not previ- 
ously possible. At the same time, it has caused a re- 
evaluation of long-established practices, resulting in new 
approaches to old techniques, as well as encouraging 
new innovative methods of solving persistent protection 
problems. 

The microprocessor has established its place in pro- 
tective relaying and will occupy a position of promi- 
nence in future designs. 
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System Grounding and Protective Relaying 


Original Authors: J. L. BLACKBURN and J. V. KRESSER 


1. INTRODUCTION 


Ground fault protection is dependent on the power- 
system grounding, which can vary from solidly grounded 
(no intentional impedance from the system neutrals to 
ground) to “ungrounded” (system grounded only through 
the capacitance of the system). Ground relaying for 
effectively grounded systems is discussed in Chapter 12. 
In these systems, the X,/ X, ratio is 3.0 or less, and the 
RyX, ratio is 1.0 or less at all points and under all 
operating conditions. With effective grounding. the line- 
to-ground fault current is equal to or greater than 0.6 
times the three-phase fault current. 

Solid grounding is necessary to meet these standard 
criteria, particularly with overhead lines where the 
XX, ratio averages between 1.6 to 3.5. In solidly 
grounded systems, the neutrals of the wye-delta power 
transformers are directly connected to earth through 
the station ground mat. Considerable design effort is 
expended to keep the resistance in this connection to 
a minimum: Typical values of ground mat resistance to 
earth are on the order of 0.1 О or less in areas of low 
ground resistivity. Typical values are higher in high 
ground resistivity areas, resulting in a large station ground 
mat rise (voltage gradient) between the station area and 
remote grounds during ground faults. 

“Earth,” “remote ground," and “true earth" аге dif- 
ficult terms to define precisely, since the earth is a very 
heterogeneous mass. The terms represent a mathe- 
matical fiction needed to identify the zero potential 
earth plane. In practice, they are considered to exist 
within the earth at any point remote from the influence 
of the power system or where current can reasonably 
flow in the earth structure. 

This chapter will cover protective relaying schemes 
for noneffectively grounded systems. These systems fall 
into one of three categories: 
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Ungrounded 
Reactance-grounded 
Resistance-grounded 


In addition, this chapter will discuss the special prob- 
lems of sensitive ground relaying on distribution circuits 
and ground fault protection for both ungrounded and 
multigrounded three-phase, four-wire systems. 


2. UNGROUNDED SYSTEMS 
2.1 


The term “ungrounded” is strictly one of definition. 
indicating no physical connection of any kind between 
the system and ground. Since. however. there is always 
distributed capacitance between the three phases of the 
system and ground, the system is grounded through this 
capacitance. On such systems, current flows between 
each conductor and ground under normal conditions. 
In the event of a single line-ground fault, the corre- 
sponding line-to-ground capacitance is shunted out. 

Using symmetrical components, Figure 7-1 shows the 
networks and fault representation. Here, Хіс, X;c, and 
Хос are the total distributed capacitances of each sys- 
tem. Although they are shown here as a lumped quan- 
tities, they are actually distributed parameters. X,c and 
Х›с can be neglected because their effect is insignificant 
compared to that of Хос. Хос predominates so that 
approximately 


ЗУ 
Хос 


Since the ground fault current returns through the shunt 
capacitance, the unfaulted phase currents are not 0 (Fig- 
ure 7-2). The phase-b and -c voltages are shown as the 
prefault line-to-line voltages or V/3V; с. This relation 
holds true only for the steady-state condition with zero 
fault resistance; transient voltages can be considerably 
higher as shown in Figure 7-3. 


Ground Faults on Ungrounded Systems 


I, = 31 





(7-1) 
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Figure 7-1 Sequence network interconnection for “а” phase- 
to-ground fault on an ungrounded system. 


When the circuit breaker opens and extinguishes the 
arc at or near current zero, the voltage is near its peak 
value. This voltage, shown in Figure 7-3 as 1.0 per unit 
(V2 times the rms value), remains on the line (or right- 
hand) side of the breaker, while the generator voltage 
goes to the maximum negative value one half-cycle later. 
At that time, the voltage across the breaker contacts is 
essentially 2.0 per unit, the crest value. A voltage of 
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Figure 7-2 Ground fault on ungrounded system. 
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Ха Breaker Contacts 


бә «| kx 





Voltage Across the 
Breaker Contacts 


Figure 7-3 Over-voltage due to re-ignitions and re-strikes. 


this value can cause the arc to restrike across the breaker 
contacts, sending the line voltage from +1 per unit to 
-1 per unit. 

The result is a high-frequency transient voltage, whose 
first peak overshoots the —1.0 value by —2.0 (the dif- 
ference between —1 and +1), giving a peak voltage 
value by —3.0. If the arc is again extinguished at a high- 
frequency current zero, the trapped charge on the line 
produces a voltage of — 3.0 per unit. If a second restrike 
Occurs at the next voltage positive maximum, the peak 
voltage will overshoot to --5 per unit as it goes from 
—3 to +1 per unit. Theoretically, further cycles of 
extinguishing and restriking of the arc would build higher 
and higher voltage values. In practice, however, flash- 
overs usually occur before these high values are reached. 

The peak voltage values shown in Figure 7-3 are 
maximum theoretical values based on arc extinction at 
zero current, no damping, and arc restrike at the crest 
value of the source voltage. In fact, circuit resistance 
will introduce damping of the transient, reducing the 
peak value of the first half-cycle overshoot. Further, 
restrikes may occur before the voltage reaches crest 
value voltage, which will reduce the value of peak ov- 
ervoltages. Nevertheless, overvoltages can be very high 
and represent the major disadvantage of ungrounded 
systems. An initial fault can cause a second ground fault 
to occur on a different phase possibly on a different 
feeder, producing a phase-to-phase-to-ground fault with 
its associated high current and damage. 


2.2 Ground Fault Detection on Ungrounded 
Systems 


Since the fault current for a single line-ground fault on 
an ungrounded system is very small, overcurrent relays 
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cannot be used for fault detection. Voltage relays will 
detect the presence of the voltage unbalance produced 
by the fault, but will not selectively determine its lo- 
cation in the system. The unbalanced phase and zero 
sequence voltages that occur during ground faults are 
essentially the same throughout the system. Since se- 
lective isolation of the fault is not possible, relay schemes 
are only useful for providing an alarm. 

Figure 7-4a shows the preferred ground fault detec- 
tion system. The voltage transformers must have a pri- 
mary voltage rating equal to the line-line voltage. since 
this is the voltage that will be impressed on the two 
unfaulted phases during a line-ground fault. Under nor- 
mal conditions, the voltage across the relay is approx- 
imately 0. When a single line-ground fault occurs, the 
voltage becomes 3У;, or approximately 200 V with 69- 
V secondary windings. The electromechanical type 
CV-8 relay or solid-state type 59G relay shown, with 
their 200-V continuous rating, will detect fairly high- 
resistance faults. 

Wye-connected transformers with grounded neutral 
on an ungrounded system may be subject to ferro- 
resonance during switching or arcing ground faults. To 
avoid this, care must be exercised in planning the re- 
lationship between the magnetizing impedance of the 
transformer, its knee point voltage. and its load. 

Users have successfully applied resistors across the 
break in the broken delta configuration (as in Figure 
7-4) having a value that will limit current in the delta 
loop to the rated current of the voltage transformer 
secondaries. Much higher values of resistance have also 
been used successfully. Karlicek and Taylor in their 
important paper, “Ееггогеѕопапсе of Grounded Poten- 
tial Transformers on Ungrounded Power Systems" 





Not Recommended 





or59G 
3V0=Io (3R) 


(a) 


F CVD(27-59) 
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(AIEE Power Apparatus & Systems, August 1959. pp. 

607-618), concluded that the appropriate value of the 

resistor (called 3R in Figure 7-4) is 100 La/N?, where 

La is the voltage transformer primary inductance in 

millihenries and N the transformer turns ratio. 
Typical resistor values in use are: 


Voltage transformer 





ratio Resistor (О) 
2400-120 250 
4200-120 125 
7200-120 90 

14.400—120 60 


Although the primary fault current may be low, high 
secondary currents can flow. This should be checked 
with the short time or continuous rating of the voltage 
transformer and resistor. 

Applying a grounded-wye-broken-delta transformer 
with only a relay connected across the break and no 
shunt resistor is equivalent to very high impedance 
grounding. Any shunt resistor, even as high as 20X,, is 
better than none. It will damp any high transient voltage 
oscillations and probably hold the peak values to less 
than twice the normal crest voltage to ground. 

The alternate ground fault detection scheme (Figure 
7-46) is not recommended and should only be applied 
after careful study. The CVD electremechanical relay 
or the type 27 59 solid-state relay in this system has 
separate contacts for орегапоп on either over- or un- 
dervoltage. With the vt connected to phase c. line-to- 
ground faults on phases a and b produce an overvoltage 
on the relay; faults on phase c produce an undervoltage. 


System 
Reactance 
j^ 
loc | Xco R 
No 1 


(c) 


Figure 7-4 Ground fault detection on ungrounded systems. 
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For the scheme to work, the capacitance to ground of 
the lines must be fairly closely balanced and high enough 
to keep the neutral of the system at close to ground 
potential. 

This scheme can also produce ferroresonance or neu- 
tral inversion. When XJ/X, is 3.0, V. theoretically would 
be infinite. Even without faults on the system, the high 
magnetizing impedance of the voltage transformer can 
approach resonance with the line capacitance to neu- 
tral, causing a high overvoltage across the secondary. 
Neutral inversion can occur during a line-ground fault 
on a phase other than c. Such a fault produces unbal- 
anced impedances to ground; the resultant current flows 
can drive the system ground point outside the delta. A 
loading resistor across the relay or, less desirably, in 
series with the transformer primary may prevent these 
problems. 


3. REACTANCE GROUNDING 
There are three different types of reactance grounding: 


High-reactance grounding 
Resonant grounding 
Low-reactance grounding 


3.4 High-Reactance Grounding 


Until the early 1940s, some utilities operated their unit- 
connected generators with the neutral ungrounded. Their 
purpose was to keep the internal line-to-ground fault 
current in the generator very low and prevent the iron 
from being damaged by arcing. Unfortunately, the re- 
sult was a high insulation failure rate in machine windings. 

These failures were caused by high-voltage tran- 
sients, similar to those discussed earlier. This problem 
was compounded by an inability to detect single line- 
ground faults in the generator. As a result, the faults 
persisted, causing undue damage. 

The initial solution was to connect the generator neu- 
tral to ground through the primary of a voltage trans- 
former and put an overvoltage relay across the second- 
ary. In theory, a single line-ground fault would simply 
cause the generator neutral voltage to shift with respect 
to ground, activating the relay and tripping the machine 
or sounding an alarm. In practice, however, this system 
actually increased the machine failure rate. The cause 
was arcing grounds—a phenomenon similar to the re- 
strikes that can occur when switching a capacitive 
reactance. 

The arcing ground phenomenon can be explained 
using Figure 7-5. The equivalent single-line diagram 
shown in Figure 7-5a is for a generator grounded through 
a high reactance X,, with a line-to-ground fault near 
one terminal. X, is the distributed capacitive reactance 
of the windings to ground, connected half-way between 
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(b) Fault Voltage (c) Reactor Voltage 
Figure 7-5  Overvoltages on reactance grounded system 
due to arcing fault. 


the generator reactance X,. If the arc is extinguished 
when the small fault current passes through 0, the volt- 
age across the arc path must go from nearly 0 to the 
normal crest value. In doing so, it must oscillate around 
the steady-state normal value. 

As shown in Figure 7-5b, the resultant voltage tran- 
sient will reach a peak value of twice the normal crest 
line-to-neutral voltage, one-half cycle of the high- 
frequency transient after the arc is extinguished. If the 
arc restrikes at this point, the fault voltage is driven 
back to 0. When the arc is initially extinguished, the 
reactor voltage has to go from the positive maximum 
to 0. As a result, it has a transient oscillating period 
from the positive maximum to negative maximum. 

The first half-cycle of this oscillation is shown in Fig- 
ure 7-5c. If the arc restrikes at the instant when the 
fault voltage is twice the normal crest value, as was 
assumed in Figure 7-5b, the reactor voltage has to go 
from the negative minimum to positive maximum. The 
result is another transient oscillation, with a peak value 
of three times the normal maximum line-ground voltage. 

Note that in high-reactance grounding, the reactor 
voltage is applied between the generator neutral and 
ground. Since the BIL of the reactor is higher than that 
of the generator windings, insulation failures are more 
likely to occur in the generator windings. 

The switching surges that result from clearing line- 
to-ground faults for ungrounded systems also occur in 
high-reactance grounded systems. In the latter case, the 
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resulting transient overvoltages will be even higher. The 
source voltage for an ungrounded system is the normal 
line-to-neutral voltage that, theoretically, produces suc- 
cessive line-side voltage peaks of 1.0, 3.0, 5.0... of 
normal crest voltage to neutral. For the high-reactance 
grounded system shown in Figure 7-5, with the reactor 
between the neutral and ground, the source voltage is 
the normal line-line voltage. The corresponding theo- 
retical transient peaks аге V3, 3\/3, 5V3, and so on. 
For these reasons, high-reactance grounding was dis- 
continued many years ago. 


3.2 Resonant Grounding (Ground Fault 
Neutralizer) 


In certain sections of the United States, resonant ground- 
ing has been applied successfully in unit-connected gen- 
erator grounding applications. It is not applied in trans- 
mission line applications in the United States, but other 
countries use it. In this scheme, the total system ca- 
pacitance to ground is compensated for or cancelled by 
an inductance in the grounded neutral of the power 
transformers. The grounding reactor, equipped with taps 
that permit it to be tuned to system capacitance, was 
first called a “Petersen coil." It is now more commonly 
designated a “ground fault neutralizer.” 

Theoretically, if the reactor perfectly matches the 
system capacitance, a line-to-ground fault will produce 
zero current, the transient fault arc will be extinguished, 
and the arc path deionized, without the need for de- 
energizing the circuit. 

In this system, approximately 75% of line-ground 
faults are self-extinguishing. The remaining faults must 
be cleared by a line breaker. 

In theory, resonant grounding should reduce line 
outages considerably. This system does, however, have 
a number of disadvantages: 


Transformers connected to the system must have full 
line-line insulation even when wye-connected. 

The entire system must be fully insulated for line-line 
voltage. 

The ground-fault neutralizer must be retuned to accom- 
modate any changes in system configuration: addi- 
tions, extensions, line removals, or switching. 

System effectiveness will be reduced considerably if a 
substantial number of lines are of wood pole con- 
struction. The high insulation to ground will result 
in a larger portion of line-line faults (conductor swing 
caused by wind). 

A high incidence of faults will occur essentially simul- 
taneously in different parts of the system. 


3.3 Low-Reactance Grounding 


Low-reactance grounding used to be applied to systems 
fed at generator voltage. The generator neutral was 
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grounded through a reactor. The reactor was sized to 
keep the magnitude of a single line-to-ground fault on 
the machine terminals equal to a three-phase fault. [A 
reactor value of (2X, - X, — X5)/3 was used.] 

In general, low-reactance grounding was applied to 
large industrial plant systems with radial distribution 
feeders, and ground fault protection consisted simply of 
overcurrent relays. Gradually, this type of generator 
grounding has been replaced by low-resistance grounding. 

Another type of low-reactance grounding provides 
ground fault current relaying for systems supplied from 
a delta source. The reactance grounding scheme should: 


Supply sufficient ground fault current to operate relays 
for a fault when the line value (X, — 2X,) is the 
highest. 

Limit the transient overvoltages attributable to ground 
faults to a value of 2.5 times normal line-to-neutral 
crest value, with two restrikes. 


In this scheme, either a grounded wye-delta or zig-zag 
transformer can be used, although the zig-zag (Figure 
7-6) is more common because of its economy. The wind- 
ings shown parallel are on the same core leg. With this 
connection, the positive sequence impedance of the bank 
is very high and equal to the magnetizing impedance. 
When zero sequence current passes through the bank as 
shown, the impedance is equal to the leakage reactance. 

The rating of the transformer is chosen so that the 
maximum X,/X, value is 4. When X)/X, equals 4, the 
line-ground fault current is half the three-phase, short- 
circuit value, if we assume that X, = X,. Thus, if a 
ground relay is used in the common neutral connection 
of the line current transformers, the current level is a 
maximum of half that of the phase current for a three- 
phase fault. 


Bus Fed from Delta Source 








Figure 7-6 Reactance grounding. 


98 


4. RESISTANCE GROUNDING 


Resistance grounding is applied in systems with three- 
wire distribution at the generator voltage, and for unit- 
connected generators. The two general types of resist- 
ance grounding are low- and high-resistance grounding. 


4.4 Low-Resistance Grounding 


Whenever low impedance grounding is desired, resist- 
ance grounding is generally preferred to the low- 
reactance systems described above. Specifically, low- 
resistance grounding is used for systems fed directly at 
the generator voltage (Figure 7-7a) or through a delta- 
wye transformer (Figure 7-7b). When a line-to-ground 
fault occurs in the system, the current flowing in the 
ground resistor results in a sudden change in generator 
load, causing severe generator angular swings and high- 
peak shaft torques. To keep the ground resistor loss 
low, the resistor is generally sized to limit the single 
line-to-ground bus fault to around 100 to 400 A. Ground 
relaying using residual overcurrent relays may be ap- 
plied, but zero-sequence-type current transformers will 
provide greater sensitivity. 

For distribution systems, transient overvoltages may 
be limited to less than 2.5 times the normal crest value 
to ground, if 


v =2.0 and 2- = 20 (7-2) 


Rg 


(a) System Fed at Generator Voltage 


(b) System Fed Thru Delta-Wye Transformer 


Figure 7-7 Low resistance grounding of systems fed through 
Delta-Wye transformer. 
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For a neutral resistor R, 
Ry = 3R 

Assuming that Хо = 20X; and К, = 2X,, then we have 
Zo = (40 + j 20)X, 


For a line-to-ground fault 





3 
= I =-————— 
l = 9 X, + Х, + Zy 
= 3.0 
01+ )1 + 40 + ]20)Х, (7-3) 
3.0 3.0 
= А = eee 2-28.8 
(40 + j22)X, 45.65 X, me 
20006 Z — 28.0? per unit 
X, 


The three-phase fault current would be 


1.0 ; 
lz = X, per unit (7-4) 
Thus, if we use Equation (7-4), the line-to-ground fault 
current magnitude is 


1, = 0.066 Iu (7-5) 


The resistor can be in the neutral of the transformer 
(Figure 7-7), or a resistor can be inserted in the neutral 
of the grounded zig-zag transformer (Figure 7-6). In 
either case, the reactance component of the resistor 
must be considered. Cast-iron grid-type grounding re- 
sistors have a power factor of approximately 0.98, stain- 
less steel types one of approximately 0.92. The react- 
ance, while small in itself, is tripled in the zero sequence 
circuit. 


4.2 High-Resistance Grounding 


High-resistance grounding is applied to a generator- 
transformer unit system by connecting a resistor across 
the secondary of a distribution transformer in the 
grounded generator neutral (Figure 7-8). The resistor 
value is selected so that its KW loss for a solid line-to- 
ground fault at the machine terminal is equal to or 
greater than the charging kVA of the low-voltage sys- 
tem. To do this, 3R is chosen to be equal to or less 
than Ху. Х is the combined zero sequence capacitive 
of the generator windings, cable connections to the 
transformer, low-voltage transformer winding, and sta- 
tion service transformer plus any surge protective ca- 
pacitors that are applied at the generator terminals and 
connected phase to ground. This resistor value will limit 
generator iron burning from ground faults, damp out 
oscillations, and limit the peak transient voltage to 2.5 
times normal line to neutral voltage, or less. The rating 
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А 


Power Transformer 
ТА 


Station Service 
Rp = Ап2 


С) су-8(59) 
where п = turns 


= ratio of dist. trans. 
Distribution Transformer and Rp = primary 
KV/ 120 or 240 Volts equivalent RF12.29 


"mi 















(a) Unit Connected Generator-Transformer 


Zero Potential Bus 


Total 
Capacitance 


Б Ico lo 
to Ground 


Generator 
and Leads 


In -Vo 


(b) Zero Sequence Network (c) Phasor Diagram 


Figure 7-8 High-resistance grounding of the unit con- 
nected generator-transformer. 


required for the resistor is 
үу? 


Resistor KW, = 1000 R 


(7-6) 
where V is generator-rated phase-to-neutral voltage (in 
volts). 

The transformer kVA requirement is the same as 
this resistor KW value, of course, but the kVA rating 
is higher because of the choice of a higher-voltage rating 
for the transformer to avoid possible ferroresonance. 
The magnitude of primary fault currents in these ap- 
plications is around 8 to 10 A. 

Sensitive protection is provided by an overvoltage 
relay across the resistor. This application is detailed 
under generator protection (Chapter 8). 


5. SENSITIVE GROUND RELAYING 


Ground relaying on distribution circuits can be difficult. 
The range of fault currents can vary from negligible for 
a conductor lying on or near the ground with minimum 
electrical contact, to substantial for a conductor making 
good contact with ground. Unfortunately, there is no 
practical way of distinguishing an intolerable situation 
trom a tolerable one at a breaker or disconnection lo- 
cation. 

Some years ago, a utility conducted tests on a 10-ft 
length of no. 4 bare copper wire energized at 12 kV 
and laid on a variety of surfaces such as dry grass, green 
vegetation, dry base soil, and asphalt. Of 128 tests, 7% 
showed currents of less than 7 A, 7% over 1000 A, and 
55% had currents in the range of 150 to 600 A. 
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Ground fault protection is dictated by the amount 
of ground fault currents available from the system to 
operate relays and the ratio of this current to normai 
system residual unbalance. Load management may help 
to reduce normal unbalance in some cases. The mini- 
mum ground fault current must balance service conti- 
nuity with equipment protection. That is, it must be 
low enough to minimize equipment damage, but high 
enough to be recognizable and allow the faulted area 
to be selectively isolated without nuisance tripping. 

The design of the system grounding should be com- 
patible with the sensitivity of the relaying that is to be 
used. Three commonly used ground relay schemes, in 
order of increasing sensitivity, are: 


Ground relay in the common neutral connection of the 
line current transformers and/or grounded source 
(Figure 7-9). 

Ground relay in the common neutral connection of the 
line current transformers, with a product-type relay 
to avoid operation on false residual currents (Figure 
7-10). The CWP scheme (Figure 7-10b) provides in- 
creased sensitivity, whereas the CWC scheme will 
not. (See also Figure 7-11.) 

Ground relay with a zero sequence (ring) туре of current 
transformer (Figure 7-12). 


5.1 Ground Overcurrent Relay with 
Conventional Current Transformers 


In the scheme shown in Figure 7-9. the relavs are usually 
set on the 0.5-A tap. Because of the large burdens ої 
electromechanical ground relavs on the minimum tap. 
the relay pickup current multiplied bv the current trans- 
former ratio will not be the primary ampere pickup 
when using lower-quality current transformers (see 
Chapter 5). To hold the exciting current to a reasonable 
minimum, it may be necessary to use a higher tap setting 
than would otherwise be desired, a solid-state or nu- 
merical relay, or a better current transformer. 

The unequal performance of current transformers 
during heavy phase faults or initial asymmetrical motor 
starting currents may produce false residual currents 
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(a) Three CT's in The 
Protected Circuit 


(b) One CT in The Grounded 
Neutral Circuit 


Figure 7-9 Ground protection with conventional current 
transformers and protective relays. 
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Figure 7-10 Sensitivity ground protection utilizing product type relays. 


with the scheme shown in Figure 7-9a. When these 
currents cause relay operation, an instantaneous relay 
with a higher pickup should be substituted, or the time 
overcurrent relay should have a larger time dial and/or 
pickup setting. Increasing the burden on the current 
transformers in these cases causes them to saturate more 
uniformly, reducing the false residual current. 

Higher burdens, however, may also decrease the re- 
lay sensitivity on light ground faults, depending on the 
quality of the current transformers. False residual cur- 
rents do not occur in the scheme shown in Figure 7-9b 
or 7-12 and do not cause relay operations in Figure 
7-10a or b. 

With the application of a ground relay set on the 0.5- 


Angle of Ground Fault Current Maximum Torque Line 


Е: ч. M 


~3Vo (Reference) 





3% 
CWP-1 (32М) Relay Characteritics 


Figure 7-11  Phasors for Figure 7-10b for a phase “‘a’’-to- 
ground fault on a high-resistance grounded system. 


A tap, the fault current in the relay should not be less 
than twice pickup, or 1.0 A secondary. 

To be able to detect a ground fault that produces a 
current having a value of 10% of the current produced 
by a bolted phase-to-ground fault is a reasonable cri- 
terion. The maximum load on any circuit off a bus 
dictates the critical ct ratio. With a primary current of 
0.10 Ic, a ratio of K:5 and minimum secondary current 
of 1 A produce the following requirement: 


Ig = 2K (7-7) 


That is, the current permitted by the grounding device 
for a bolted phase-to-ground fault should equal or ex- 
ceed twice the primary rating of the largest ct used on 
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Figure 7-12 Ground protection utilizing the zero sequence 
(ring) type current transformers. 
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a circuit off of the bus. If the use of this criterion pro- 
duces an excessively high ground fault current, a lower 
value of current can be chosen by using a higher resist- 
ance value. This will then require a more sensitive re- 
laying scheme to be used, such as a zero sequence (ring) 
type of current transformer with its low ratio (typically 
50:5), and an instantaneous overcurrent relay. such as 
an IT or 50D. 


5.2 Ground Product Relay with Conventional 
Current Transformers 


Better security is possible using the schemes of Figure 
7-10, and increased sensitivity may be provided by the 
scheme of Figure 7-10b. These schemes will not operate 
on false residual currents; the relays require current in 
both windings to operate. No system ground or zero 
sequence current or voltage will exist for phase faults 
or motor starting currents. 

Two product-type devices are used in the scheme of 
Figure 7-10b: the CWP and CWP-1. The CWP is ap- 
plicable for reactance grounded systems and the CWP-1 
specifically tailored to high-resistance grounded systems 
with its 45° lead characteristic. 

The greatest ground fault sensitivity is provided by 
the CWP-1 (32N) relay. The relay pickup is adjustable 
between 5 and 40 mA with 100 V across the potential 
coil at maximum torque. 

The phasors for a high-resistance grounded system 
where the CWP-1 relay is applicable are shown in 
Figure 7-11. 


5.3 Ground Overcurrent Relay with Zero 
Sequence Current Transformers 


The scheme shown in Figure 7-12 provides maximum 
sensitivity. There are no false residual currents. The 
zero sequence type of current transformer has the con- 
ductors passed through the center hole, and the ct ratio 
is not dictated by the load current. Secondary current 
is the transformed system zero sequence current 310. 

The standard ratio for the zero sequence type of 
transformer (type BYZ) is 50/5; 100/5 ratios were orig- 
inally used. Various nondirectional relays can be ap- 
plied, as outlined in Table 7-1. 

When the maximum fault current exceeds the max- 
imum values shown, the output waveform is nonsinu- 
soidal. Relay timing will tend to become variable and 
longer than indicated in the published literature. 

The above schemes are for feeder circuit protection. 
For the ground protection of equipment, a ground dif- 
ferential scheme can be used with a differential-type 
relay or product-type (CWC) relay as shown in Figure 
7-13. This is also applicable to short-run feeders with 
three conventional ct’s or a zero sequence type ct at 
each end of the protected zone. The CWC relay is rec- 
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Table 7-1 Relay Settings and Sensitivities Using the 
50/5 BYZ Zero Sequence Current Transformers 


Maximum 
primary 31, amperes 
for accurate timing 


Minimum 
sensitivity in 
primary 31, 





amperes and coordination 
Relay Relay 
туре setting (£4 ID) (7%1р) (4%4ID) (PA ID) 
IT 0.15 5.0 5.0 — — 
CO-s or 9 0.5 9.0 10.0 25 112 
CO-s or 9 2 24.0) 24.0 540 1215 
CO-:. S ALL 7.0 70 150 
CO-:: 22 22.9 24.0 700 900 


ommended as it provides high sensitivity and is relatively 
independent of the current transformer performance. 


6. GROUND FAULT PROTECTION FOR 
THREE-PHASE, FOUR-WIRE SYSTEMS 


61 Unigrounded Four-Wire Systems 


Unigrounded, four-wire systems have insulated neu- 
trals; the only ground connection is at the substation. 
Loads generally are connected phase to neutral, and 
the net load unbalance returns through the neutral as 
a residual current. For faults from phase to ground, 
the current returns through the earth to the substation 
neutral. 

There are three different relay schemes for ground 
fault protection for unigrounded systems, as shown in 
Figure 7-14. Figure 7-14a illustrates the conventional 
scheme used on three-phase, three-wire systems. For a 
four-wire system, the load unbalance current would flow 
through the ground relay, requiring a setting to avoid 
operation on the maximum load unbalance. This scheme 
is generally not recommended for the unigrounded sys- 
tem. The four-current transformer scheme shown in 










Currents 
shown for 
external 
fault 
Protected 
Winding 


Figure 7-13 Ground differential for wye winding using 
CWC (product-type relay). 
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To Bus With System Ground 







Insulated Neutral Grounded at Bus Only 


(a) Conventional Scheme 


(b) Four CT Scheme 


(с) Zero Sequence CT Scheme 


Ge ey 


Feeder 


Phase Relays Omitted for Simplicity 


Figure 7-14 — Methods of ground protection on unigrounded 
systems. 


Figure 7-14b provides much higher sensitivity, since it 
does not measure the load unbalance residual current. 
Even greater sensitivity is provided by the zero se- 
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quence type of current transformer depicted in Figure 
7-14c. Comparative sensitivities for various relays in this 
scheme are listed in Table 7-1. 

If a line-to-neutral fault occurs on the system, only 
the conventional scheme (Figure 7-14a) will respond. 
The connection of the current transformers in the other 
two schemes results in cancellation of the fault current, 
unless it involves ground. The phase relays will provide 
protection, however, since phase-to-neutral fault cur- 
rent in one phase will be of the same order of magnitude 
as a three-phase fault. 

A fault between neutral and ground is possible even 
though the neutral is nearly at ground potential, prob- 
ably as the result of a broken neutral conductor. The 
schemes of Figures 7-14b and c will measure any current 
returning through the earth. Because the ground return 
may be a high impedance path, causing low voltage at 
the load points, the more sensitive window-type current 
transformer scheme is recommended. 


6.2 Multigrounded Four-Wire Systems 


Many three-phase, four-wire distribution systems are 
solidly grounded at the substation, with the neutral wire 
also grounded at each distribution transformer location. 
Such systems are difficult to protect against ground faults. 
The scheme of Figure 7-9 is used most often with the 
sacrifice of sensitivity dictated by maximum load un- 
balance. 
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1. INTRODUCTION 


The frequency of failure in rotating machines is low 
with modern design practices and improved materials, 
vet failures will occur and delayed tripping or insensi- 
tivity of protection may result in severe damage and 
long outages for repairs. For these reasons, abnormal 
conditions must be recognized promptly and quickly 
isolated to avoid extending the damage or compounding 
the problem. 

Abnormal conditions that may occur with rotating 
equipment include the following: 


Faults in the windings 

Overload 

Overheating of windings or bearings 
Overspeed 

Loss of excitation 

Motoring 

Inadvertent energization 

Single-phase or unbalanced current operation 
Out of step 

Subsynchronous oscillations 


Some of these conditions do not require that the unit 
be tripped automatically, since in a properly attended 
station, they can be corrected while the machine re- 
mains in service. These conditions are signaled by alarms. 
However, most require prompt removal of the machine 
from service. 

For any particular hazard, the initial, operating, and 
maintenance costs of protective schemes and the degree 
of protection they afford must be carefully weighed 
against the risk encountered if no protection were ap- 
plied. The amount of protection that should be applied 
will, of course, vary according to the size and impor- 
tance of the machine. 
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2. CHOICE OF TECHNOLOGY 


In the choice of relays to he applied for the various 
functions described here, it will be recognized that they 
are available as discrete functions in their individual 
housing or as a complete complement containing all the 
pertinent protection plus data acquisition. 

Electromechanical, solid-state, and microprocessor- 
based devices are used depending on personal choice 
and whether or not a new installation, an upgrade, or 
a functional addition is involved. 

Although electromechanical relavs have proven their 
reliability. flexibility. and effectiveness. the trend is to- 
ward microprocessor-based integrated packages. Some 
of these provide event recording. oscillography, self- 
monitoring. communications, adaptive characteristics, 
and other features that only a microprocessor-oriented 
system can provide. 


3. PHASE FAULT DETECTION 


Internal faults in equipment generally start as a ground 
in one of the stator windings and may occasionally de- 
velop into a fault involving more than one phase. Dif- 
ferential protection is the most effective scheme against 
multiple-phase faults. In differential protection. the 
currents in each phase, on each side of the machine. 
are compared in a differential circuit. Any "difference" 
current is used to operate a relay. 

Figure 8-1 shows the relay circuits for one phase only. 
For normal operation or a fault outside the two sets of 
current transformers, I, entering the machine equals T, 
leaving the machine in all phases, neglecting the small 
internal leakage current. The secondary current of each 
of the ct's is the perfectly transformed primary current 
minus the magnetizing current I,. 

The relay current 11-1; is the difference in the ex- 
citing Or magnetizing currents. With the same type of 
current transformers, this current will be small at nor- 
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Figure 8-1 The basic differential connection. 


mal load. If a fault occurs between the two sets of 
current transformers, one or more of the left-hand cur- 
rents will suddenly increase, whereas currents on the 
right side will either decrease or increase and flow in 
the opposite direction. Either way, the total fault cur- 
rent will now flow through the relay, causing it to operate. 

If perfect current transformers were available, an 
overcurrent relay in the “difference” circuit could be 
set to respond very sensitively and quickly. In practice, 
however, no two current transformers will give exactly 
the same secondary current for the same primary cur- 
rent. Discrepancies can be traced to manufacturing vari- 
ations and differences in secondary loading caused by 
unequal length of relay leads and unequal burdens of 
meters or instruments connected in one or both secon- 
daries. The differential current produced flows through 
the relay. Although normally small, the differential cur- 
rent can become appreciable when short-circuit current 
flows to an external fault. An overcurrent relay would 
have to be set above the maximum error current that 
could be expected during an external fault. On a sym- 
metrical basis (no dc offset in the primary current), this 
would not exceed 10 A if a C class ct were used within 
rated burden and the ratio were chosen such that the 
secondary current did not exceed 100 A for the maxi- 
mum “‘through” phase fault. To avoid operation on an 
asymmetrical fault, the trip time would have to exceed 
three dc time constants. 


3.4 Percentage Differential Relays (Device 87) 


The percentage differential relay (Figure 8-2) solves the 
problems of poor sensitivity and slow operation. The 
inputs from the two sets of current transformers are 
used to generate a restraint quantity. This is then com- 
pared to the difference of these two currents. Operation 
(or restraint) is produced as a result of the comparison 
of the difference to the restraint. This desensitizes the 
relay for high external fault currents. 
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Figure 8-2 Schematic connections of the percentage dif- 
ferential type relay. (Only one-phase connections are shown.) 
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The current required for relay operation increases 
with the magnitude of the through fault current. The 
percentage of increase may be constarit, as in the CA 
(87) generator percentage differential relay. Alterna- 
tively, the percentage of increase may vary with the 
external fault current, as in the high-speed SA-1 (87) 
generator relay. The effect of the restraint on internal 
faults is negligible, because the operating quantity is 
weighted and responds to the total secondary fault 
current. 

Generator differential relays are available with vari- 
ous percentage differential characteristics. They are 
typically 10%, 25%, and variable-percentage differ- 
ential types. The percentage indicates the difference 
current as a percentage of the smallest restraint current 
required to operate the relay. The pickup (the value of 
current into one restraint winding and out the operating 
winding) is the current required to barely make the relay 
operate. Its value tends to be smaller for the lower- 
percentage differential relays and is as low as 0.14 А 
for some. Operating time, in general, is smaller for 
solid-state relays, being 25 ms for the solid-state SA-1 
compared to 80 to 165 ms for the electromechanical 
CA relay. 

In all differential schemes, it is good practice to use 
current transformers with the same characteristics 
whenever possible and avoid connecting any other 
equipment in these circuits. 


3.2 High Impedance Differential Relays 
(Device 87) 


High impedance differential relaying is based on the 
conservative premise that the ct's on one side of the 
generator perform perfectly for an external fault and 
the other set of ct's saturate completely. It takes ad- 
vantage of the fact that the voltage appearing across 
the relay is limited for an external fault to the voltage 
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drop produced by the maximum secondary current 
flowing through the leads from the relay to the saturated 
ct and through its internal resistance. For an internal 
fault, the voltage will approach the open-circuited ct 
voltage (usually limited by a varistor internal to the 
relay). In general, this scheme is not as sensitive as the 
percentage differential scheme but is more secure. 


3.3 Machine Connections 


Most generators have wye-connected windings. As shown 
in Figure 8-2, three relays connected to wve-connected 
current transformers provide phase and. in some cases. 
(depending on the type of neutral and system ground- 
ing) ground fault protection. Figure 8-3 illustrates a 
similar protective scheme for delta generators. In this 
scheme, the delta windings must be brought out so cur- 
rent transformers can be installed inside the delta. 


3.4 Split-Phase 


Generators with split-phase windings can be protected 
by two sets of differential relays: one connected as in 
Figure 8-2 and the other as in Figure 8-4. This arrange- 
ment protects against all types of internal phase faults, 
including short-circuited turns or open-circuited wind- 
ings. This scheme may be extended to accommodate 
other winding arrangements involving more than two 
equal windings per phase. Unless the ratios of the cur- 
rent transformers produce an exact match, the scheme 
of Figure 8-4 must be equipped with auxiliary trans- 
formers to provide a balance during normal operation. 


4. STATOR GROUND FAULT PROTECTION 


The method of grounding affects the degree of protec- 
tion afforded by differential relays. The higher the 
grounding impedance, the less the fault current mag- 
nitude and the more difficult it is to detect high imped- 
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Figure 8-3 Percentage differential relay schematic for a 
delta-connected machine. (Only one-phase connections are 
shown.) 
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Figure 8-4 Schematic connections for one-phase опу for 
the protection of a machine with split phase windings. 


ance faults. With high impedance grounding, the dif- 
ferential relays will not respond to single-phase-to-ground 
faults. A separate relay in the grounded neutral will 
provide sensitive protection, since it can be set without 
regard to load current. 

The ground relay may also operate for ground faults 
beyond the generator. For this reason, a time delay 
may be necessary to coordinate with any overlapped 
relays. A typical case is a generator connected directly 
to a bus with other circuits. A fault on one of these 
circuits should not trip the machine; the relays in the 
faulted circuit will clear such faults. A wye-delta trans- 
former bank will block the flow of ground current, pre- 
venting faults on the opposite side of the banks from 
operating ground relays. In the unit-connected scheme, 
the transformer bank limits the ground relay operation 
to faults in the generator, the leads up to the trans- 
former bank, and the delta winding. 


41 Unit-Connected Schemes 


The unit-connected system is the most common ar- 
rangement for all but small generators. For unit systems 
high-resistance grounding is used, and the machine is 
generally grounded through a distribution transformer 
and resistor combination, as shown in Figure 8-5. Since 
the secondary is rated at 120 ос 240 V, the physical size 
of the resistor can be somewhat smaller than if it were 
connected to the primary. 


4.1.1 “95% Scheme" 


Тһе unit system responds to the voltage shift of the 
generator neutral with respect to ground that occurs for 
a ground fault in the machine, bus, or low-voltage wind- 
ing of the transformer. The relay used must be insen- 
sitive to the substantial normal third harmonic voltage 
that may be present between neutral and ground, and 





106 





Generator 














Distribution 


Transformer 













59 


Optional 





Chapter 8 
Transformer 
Positive 
59G 
Trip or 


Figure 8-5 Schematic connections for ground fault protection of a unit type machine resistance grounded through a distribution 


transformer. 


yet sensitive to the normal frequency voltage that ac- 
companies a fault. 

Since the magnitude of the neutral shift is dependent 
on the location in the winding of the ground fault 
(neutral-to-ground fault produces no neutral shift) and 
the usual choice of relay sensitivity and distribution 
transformer voltage ratio provides roughly 95% cov- 
erage of the winding, this relay is often referred to as 
a 95% relay. 


4.1.2 Neutral Third Harmonic Undervoltage 


Other schemes take advantage of the presence of the 
third harmonic voltage between neutral and ground and 
respond to undervoltage for a neutral-to-ground fault. 


4.1.3 100% Winding Protection 


Other ground relaying schemes provide complete pro- 
tection of the generator stator by injecting a signal into 
the stator and monitoring it for change. This concept 
allows 100% coverage even though the machine is at 
standstill, whereas the 95% and neutral third harmonic 
schemes depend on the machine operating at rated speed 
and voltage. 


4.2 95% Ground Relays 


The CV-8 or solid-state 59G low-pickup overvoltage 
relay can be used for unit generator applications as 
shown in Figure 8-5. Provided that a full-rated primary 
winding is used, the maximum voltage for a solid ground 
fault is 120/ V3 (69.3 V with a 120-V distribution trans- 
former secondary), or 240/ V3 (138.6 V with a 240-V 
secondary). 

The scheme has good sensitivity for internal ground 
faults while being very insensitive to third harmonic 
voltages. Various provisions are used to make the relay 
insensitive to the third harmonic. The third harmonic 
pickup of the CV-8 relay, for example, is approximately 
8 times the pickup at rated frequency. 

The voltage appearing from the neutral of the gen- 
erator to ground is dependent on the location of the 
ground fault. The more sensitive the ground relay, the 
greater the percentage of the winding protected. Ob- 
viously, a neutral-to-ground fault goes undetected by 
this relay and other devices must be considered. In some 
relays, the sensitivity is proportional to its rating, and 
the best protection is obtained by using the relay having 
the lowest voltage rating. For a ground fault at the line 
terminal of the machine, full line to neutral voltage will 
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exist from neutral to ground. The voltage on the relay 
is. of course, dependent on the ratio chosen for the 
distribution transformer. If this voltage exceeds the rat- 
ing of the relay and is not removed by tripping the field 
circuit within the short-time capability of the relay, the 
SV scheme shown in Figure 8-5 may be used to protect 
the relay for those fault cases producing this high volt- 
age. The SV relay is set to open its contacts at a value 
somewhat lower than the continuous rating of the pro- 
tected relay, inserting R to limit the voltage. In general. 
the 95% type relay is allowed to trip immediately. to 
remove voltage prior to the occurrence of damage to 
the relay, making the SV unnecessary. Other solid-state 
relays such as the type 59G have a 208-V continuous 
rating and 60 hz sensitivity as low as 1 V. 

Time-delay settings of 25 ms to 4 s are used for this 
function. These longer delays allow for coordination 
with voltage transformer fuses, if required. 

Operation of the ground relay can be avoided for 
faults on the main voltage transformer secondary by 
grounding one phase of the secondary rather than the 
neutral. Then a ground fault on the voltage transformer 
secondary will not produce a machine neutral voltage 
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shift and the ground relay will not operate. This is the 
recommended grounding practice for generator voltage 
transformers. 

Another scheme that is often used in industrial ap- 
plications uses a product-type relay for ground detec- 
tion. This arrangement is described in Chapter 7, Figure 
7-13. Good sensitivity is achievable because of the abil- 
ity to use a low-ratio ct in the neutral grounding resistor 
path that is not related to the machine full-load current. 


4.3 Neutral-to-Ground Fault Detection 
(Device 87N3) 


Figure 8-6 describes a scheme for detecting a neutral- 
to-ground fault on the generator. This fault is. in itself. 
not hazardous. A second ground fault at the machine 
terminal, however, causes a line-to-ground fault that is 
not limited by any neutral impedance. This fault current 
magnitude will quite likely exceed the current magnitude 
for which the machine is designed. Machine destruction 
may result. Early detection, then, is imperative. 

The scheme of Figure 8-6 compares the third har- 
monic voltage present between the machine neutral and 














Figure 8-6 180 Hz voltage comparator. 
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ground with that at the line terminals. The relative val- 
ues of these voltages are established by the distributed 
capacitances of the generator, phase leads, and trans- 
former low-voltage winding plus the grounding system. 
Though the third harmonic voltage changes with ma- 
chine loading, the ratio of these values remains rela- 
tively constant. 

When a ground fault occurs, this relationship changes 
and therefore allows detection of faults at all points not 
covered by the “neutral shift" relay. These two relays, 
59N апа 59D, provide “100% ground fault coverage." 
Very high impedance faults in the protected zone, of 
course, cannot be detected. Also for the unit-connected 
system, neither relay will provide any backup for faults 
on the transmission system. 


4.4 100% Winding Protection 


Another important ground fault detection scheme (GIX- 
104) utilizes an injected current that is monitored for 
magnitude. In the configuration shown in Figure 8-7, 
the small injection voltage is applied across the lower 
part of the grounding resistor. As a result of the dis- 
tributed capacitance of the generator and connected 
apparatus, a current flows and produces a voltage drop 
across the measuring transformer. A ground fault oc- 
curring anywhere in the protected winding will cause 
the current to rise and the voltage to increase across 
the grounding resistor. To differentiate from other con- 
ditions that could produce a similar voltage, the injec- 
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Figure 8-7 Neutral voltage injection. 
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tion voltage is commutated, producing a coded char- 
acter that is readily identifiable. 

The GIX-104 may also be equipped to detect, through 
the injection principle, a ground fault in the generator 
field. 

This scheme has the important advantage that it is 
able to detect a stator or field circuit ground irrespective 
of the status of the generator. It may be dead, spinning 
without field, near synchronizing, on-line, loaded or 
unloaded. 


5. BACKUP PROTECTION 
5.1 Unbalanced Faults 


Unsymmetrical faults produce more severe heating in 
machines than symmetrical faults. The negative se- 
quence currents that flow during these unbalanced faults 
induce currents in the rotor having twice system fre- 
quency. These currents tend to flow in the surface of 
the solid rotor forging and the nonmagnetic rotor wedges 
and retaining rings. The resulting 13 К loss quickly raises 
the temperature. If the fault persists, the metal will 
melt, damaging the rotor structure. 

Such faults result from failure of a protective scheme 
or equipment external to the machine. The relative 
magnitudes of negative sequence currents for line-to- 
line faults on a typical turbine generator under different 
operating conditions are shown in Figure 8-8. The effect 
of the higher excitation during the fault is included for 
short circuits with load on the system. 

According to ANSI standards, the permissible in- 
tegrated product (151, where 1, is negative sequence 
current in per unit of machine rated current and t sec- 
onds duration), which “indirectly cooled” turbine gen- 
erators, synchronous condensers, and frequency-changer 
sets can tolerate, is 30. The standard for hydraulic tur- 
bines or engine-driven generators is 40. Standard "'di- 
rectly cooled" machines up to 800 МУА are capable of 
withstanding a permissible integrated product of 10, 
whereas some very large machines (1600 MVA) can 
only tolerate 5. Early inspection to detect damage is 
recommended for machines subject to faults between 
the above limits and 200% of the limit. Serious damage 
can be expected for faults above 20046. 

With so many influences on the 151 as shown in Figure 
8-8, it is evident that a relay designed to respond in a 
way similar to the manner in which heat is generated 
in the machine is mandatory. Many variations are avail- 
able in generator negative sequence overcurrent relays 
(see Figure 8-9), but each is tailored to match the It = 
K characteristic for K between 10 and 40, with some 
spanning an even greater range. The ANSI standard 
explicitly restricts this limit to I, values above the full- 
load level. Earlier relays covered this, but provided no 
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Figure 8-8 Relative magnitudes or negative sequence currents for line-to-line faults on a typical machine under different 
operating conditions. (From AIEE Transactions, Volume 72. 1953. Part iii. Page 283. Figure 1.) 


I, protection below the full-load value. Later versions 
of the ANSI standard introduced an additional limit, 
unrelated to time. More recently designed negative se- 
quence overcurrent relays provide an alarm level and 
trip capability for currents between a pickup setting and 
full load. This is pertinent to increased heating effects 
caused by such factors as unbalanced load or faulty 
circuit breakers. 

The negative sequence protective function is rec- 
ommended for all machines rated 1000 kVA or larger, 
though it can be justified for important smaller ma- 
chines. Examples of schematic connections for unbal- 
anced fault protection are shown in Figure 8-10. 

The filter output that is applied across the operating 
coil of the COQ relay is 


V; a RES (8-1) 


when the connection shown in Figure 8-10a is used. If, 
however, the auxiliary current transformer is not used, 


Vra K (21,2 + ko) (8-2) 


K, is the filter constant. 





If I, is small, its effect can be ignored. Otherwise, 
it will be necessary to use either the auxiliary current 
transformer to remove it or the relay with neutral made 
up inside, where its effect can be nullified. The auxiliary 
current transformer is not normally required in unit- 
connected applications. For relays such as the SOQ and 
46Q that use the equivalent of delta currents, any zero 
sequence current is ignored by the relay. 

When a continuous load unbalance in excess of the 
5 or 10% of the capability of the particular machine 
may occur, the SOQ relay, or an additional relay 46Q. 
set for the desired alarm level may be used to alert an 
operator. With the SOQ, instrumentation can identity 
the level of negative sequence current to permit a 
decision between tripping or decreasing the machine 
loading. 

An excellent backup for ground fault detecting relays 
for a unit-connected generator utilizes a relay supplied 
by a current transformer (rated 100:5 or thereabouts) 
in the secondary leads of the neutral distribution trans- 
former. This is used by some utilities as the primary 
ground relaying. 
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Figure 8-9 Comparison of relay and generator character- 
istics. 


Integrated protection relays such as the REG-100 or 
REG-216 include the negative sequence protective and 
alarm functions. 


5.2 Balanced Faults 
5.2.1 Distance Relay (21) 


A generator should be protected also against damage 
that will result from prolonged contribution to a bal- 
anced fault. A distance relay such as a KD-11, fed from 
current transformers in the neutral of the generator and 
a voltage supply connected at the generator voltage 
level, provides such protection. A single relay of this 
type complements the СОО, 46Q, or SOQ in recog- 
nizing balanced faults internal and external to the gen- 
erator. It also supplements these relays by sensitively 
recognizing unbalanced faults. The connection de- 
scribed above makes the relay directional from the neu- 
tral, but gives it a reach in both directions from the 
voltage transformer location. As a result, it will sense 
some generator as well as transformer faults. 
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Figure 8-10 Schematic connections of the COQ relay for 
unbalanced fault protection. 


The distance relay is usually set to reach through the 
unit transformer. Unlike single-phase distance relays, 
the reach of the KD-type relays is not affected by the 
phase shift through the bank. When set for an imped- 
ance greater than the transformer impedance, the KD- 
11 relay will operate for both generator and line-side 
phase faults that manifest an impedance within this reach. 
A timer must be used to ensure only the minimum 
equipment outage necessary to clear a fault. The timer 
must be set to coordinate with the high-voltage trans- 
mission line relays and all other relays it overreaches. 


5.2.2 Voltage-Controlled Overcurrent Relay 
(51 V) 


If a negative sequence overcurrent relay is used, one 
2- to 6-A 51 V relay also may be used to provide the 
balanced fault backup function. A simple overcurrent 
unit is unsuitable for preventing a sustained machine 
contribution to a fault because, with a regulator out of 
service, the bolted sustained (or synchronous) three- 
phase fault contribution is less than machine full-load 
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current. The 51 V, on the other hand, can be set well 
below full-load current and not operate on load. Its 
overcurrent unit is supervised or torque-controlled by 
an undervoltage unit, and therefore, voltage must be 
below the voltage setting to permit the overcurrent unit 
to function. Both the voltage and current units are in- 
dependently adjustable, making coordination with other 
overcurrent devices simpler than if the current unit re- 
sponse were a function of voltage level. 


6. OVERLOAD PROTECTION 
6.1 RTD Schemes (Device 49) 


Most large generators are equipped with resistance tem- 
perature detectors (RTDs), which may be used in a 
bridge circuit to provide sensing intelligence to an in- 
dicator or a relay such as the DT-3 or 49 T. 

This relay is restrained when the resistance is low, 
indicating low machine temperature. When the tem- 
perature of the machine exceeds some preset level such 
as 120°C for class-B insulated machines, the bridge be- 
comes unbalanced and the contacts close. 


6.2 Thermal Replicas (Device 49) 


A thermal replica relay utilizes stator current to ap- 
proximate the heating effects in the generator. The ma- 
chine thermal time constants on heating and cooling are 
represented to take cognizance of previous and present 
loading effects. When the replica indicates that tem- 
perature in excess of the allowable value for the ma- 
chine insulation has been reached, tripping takes place. 


7. VOLTS PER HERTZ PROTECTION 
From the fundamental expression for induced voltage 
in a coil, 
Е = 4.44 ҒАМВ,,1078 
where 


E = induced rms voltage in volts 
f = frequency in hertz 
A = cross-sectional area of the core in 
square inches 
N = number of turns 


B,, = flux density in maxwells per square inch 


Since all the elements of the equation are constants 
except E and f, it can be seen that 


E 


В. о 


т 
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Flux density is an excellent indicator of по load heating 
effect. Hysteresis and eddy current losses are each pro- 
portional to a power of the flux density. Therefore. 
impending overheating can be recognized by measuring 
volts per hertz. | 

Overexcitation сап be caused by ап attempt by a 
generator voltage regulator to maintain rated voltage 
during coast-down, or holding manual excitation at a 
fixed level during acceleration. Since the limits on gen- 
erators and transformers are inverse time-related (i.e., 
a higher volts per hertz value is permitted for a shorter 
time to stay within the bounds of acceptable heating), 
an inverse time, volts per hertz relay such as the MVH 
should be used to protect these devices when overex- 
citation is likely. Figure 8-11 shows an example of the 
coordination that can be achieved. 


8. OVERSPEED PROTECTION 


A generator accelerates when it becomes separated from 
its load. The acceleration depends on the inertia (WR?), 
load loss, and governor response. To recognize over- 
speed, a permanent magnet generator is often con- 
nected to the machine shaft to supplv a voltage to the 
governor that is proportional to speed. The governor 
тау also be equipped with a speed-responsive flyball 
mechanism. Either the permanent magnet generator or 
flvball mechanism can initiate prime-mover control to 
remove power input and alleviate overspeed. An over- 
frequency relay. such as an MDF (device 51). сап be 
used to supplement this overspeed equipment. 


9. LOSS-OF-EXCITATION PROTECTION 
9.1 Causes of Machine Loss of Field 
Loss of excitation can occur as a result of: 


Loss of field to the main exciter 

Accidental tripping of the field breaker 

Short circuits in the field circuits 

Poor brush contact in the exciter 

Field circuit-breaker latch failure 

Loss of ac supply to the excitation system 

Reduced-frequency operation when the regulator is out 
of service 


Some relays such as the KLF and KLF-1 contain mul- 
tiple operating units. The KLF and KLF-1 contain (1) a 
directional unit, (2) an offset mho unit. and (3) an in- 
stantaneous undervoltage unit. 

Loss of excitation produces voltage and current vari- 
ations as shown in Figure 8-12. This causes a trajectory 
on the R-X diagram such as that depicted in Figure 
8-13b. The initial operating point is dependent on load 
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Figure 8-11 Example of volts/hertz protection using MVH 
relay. 


level and power factor angle prior to the loss of exci- 
tation. When reactive power begins to flow into the 
machine, the locus moves into the -X region. As the 
transient continues, with the field collapsing, the locus 
moves into the characteristic circle of the loss-of-field 
relay. If the relay is equipped with an undervoltage unit 
and at this time the voltage is sufficiently below normal 
to operate it, tripping takes place after a short delay 
(X dropout). See Figure 8-13a. 

If reduction in terminal voltage is not appreciable, 
the undervoltage unit does not drop out. This is indic- 
ative of a loss of excitation condition that is not likely 
to affect system stability nor influence adjacent ma- 
chines significantly. For this series of conditions, it will 
suffice to sound an alarm to alert the operator to allow 
him or her to take action to restore the field or antic- 
ipate shutdown. A timer is often run by Z and D and 
V to initiate partial shutdown if the operator is unable 
to correct the problem quickly. 
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Figure 8-12 Underexcited operation of generator. 


These relays can also be used to detect loss of field 
in a synchronous condenser or motor. External faults 
will cause the D and/or Z functions to restrain to avoid 
undesirable tripping of the machine. 

Other relays such as the solid-state type 40 relay 
perform the function with only the reduced-diameter 
impedance measurement. 


9.2 Hazard 


The generator must be kept on line, supplying power 
as long as possible, particularly when the machine rep- 
resents a sizable portion of the system capacity. To this 
end, an early warning of low excitation would give the 
operator an opportunity to restore the field if possible 
and avoid tripping. Unnecessary tripping and the re- 
sultant loss of kW output can precipitate system breakup 
and a major outage. 


9.3 Loss-of-Field Relays 


A relay designed to detect low excitation should per- 
form the following functions: 


Alert the operator to any low excitation that could dam- 
age the machine or result in instability. 

Alert the operator to a loss-of-field condition as early 
as possible, giving him or her time to correct the 
condition. 

Trip the machine automatically in the case of impending 
system instability. 
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Figure 8-13 Trip circuits and R-X diagram showing operation of the KLF (40) loss-of-field relay. 





The KLF-1 differs from the KLF relay in that it has a 
separate phase voltage supply for each of three different 
measuring elements. As a result, loss of any one phase 
voltage to the KLF-1 relay cannot cause incorrect trip- 
ping. With the KLF, some combinations of load and ананы 
phase voltage loss сап operate the relay. Тһе KLF-1 
must have a wye-wye voltage supply. with the neutral 
brought to the relay. The KLF may be used with a wve- 
муе, delta-delta, or open-delta-open-delta supply. 
When partial or complete loss of excitation occurs 
on a synchronous machine, reactive power flows from 
the system into the machine and the apparent imped- 
ance as viewed from the machine terminals (V,/I) goes 
into the negative X region (Figure 8-12). The kW output 
is controlled by the prime-mover input, whereas kVAr 


Field Limited 
/ 
Rated PF Angle 









Rated Mva 
-— Stator Limited 








/ MW into System 


output is controlled by the field excitation. If the system MVAR Stator End Iron Limited 
is large enough to supply the deficiency in excitation into Generator 
through the armature, the synchronous machine will a) Machine Capability Curve 
| operate as ап induction generator, supplying essentially 
| the same kW to the system as before the loss of excitation. X KV2/Ro 
| Loss of synchronism does not require immediate trip- x AR.) Rated PF Angle 


ping unless there is an accompanying decrease in the 
terminal voltage that threatens the stability of nearby 
machines. Generally, it takes at least 2 to 6 sec to lose a | 

А . . -R oh / R 
synchronism. Many instances have been reported in 
which machines have run out of synchronism for several 
minutes because of loss of excitation without damage 
to the machines. 2 








9.4 KLF апа KLF-1 Curves 


Figure 8-14 shows how a generator capability curve can 
be transformed into an R-X diagram. For each point 
on the curve, an angle B can be measured from the 
horizontal and the value of three-phase MVA read. Figure 8-14 Transformation from KW-KVAR plot to 
Knowing the line-to-line voltage at which the capability R-X plot. 


-Х 
b) R-X Plot 





114 


curve applies, а value of Z сап be calculated using 


5 





Z, = муд Primary ohms (8-3) 
kV? (R 
Z= ere secondary ohms (8-4) 


where R, and R, are the current and voltage trans- 
former ratios, respectively. 

Point Z, or 7. can then be plotted, at angle В, on 
the R-X diagram. Other key points on the circle arcs 
can be obtained in the same way until the entire ca- 
pability curve is transformed. 

The steady-state stability curve is another significant 
limit that can be related to a loss-of-field relay with 
impedance-measuring qualities. The MW-MVAR curve 
can be developed as shown in Figure 8-15а. In this 
figure, V is the per unit terminal voltage, X, the equiv- 
alent per unit system impedance as viewed from the 
generator terminals, and X, the per unit unsaturated 
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synchronous reactance of the generator. Both X, and 
X, are measured on the machine MVA base. 

Figure 8-15b converts the machine's steady-state sta- 
bility curve to an R-X diagram. Note that the curve of 
Figure 8-15b can be plotted directly from a knowledge 
of X, and X, without the intermediate step of Figure 
8-15a. To be useful in setting a loss-of-field relay, these 
per unit values must be converted to secondary ohms. 

Figure 8-16 relates KLF (or KLF-1) setting to ca- 
pability and minimum excitation limiter (MEL) curves. 
Assume a given kW load on the machine and that the 
vars into the machine are gradually being increased by 
decreasing machine field current, producing a trajec- 
tory, as in curve A of Figure 8-16. If the regulator is in 
service, the MEL prevents operation at a level that 
would jeopardize the machine thermally. If the regu- 
lator is out of service, Z continues to decrease until the 
KLF impedance unit operates. An alarm indicates a 
hazardous operating condition if the voltage is high. A 
low voltage, which may seriously jeopardize system sta- 
bility, trips the machine after 0.25 s (Figure 8-13a). The 
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Figure 8-15 . Conversion of steady-state stability curve to R-X. 
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Figure 8-16 KLF setting related to capability and MEL 
curves. 


loss-of-field relay must reach into the plus X area if its 
locus is to follow closely the machine characteristic. A 
directional unit is included in the relay to avoid tripping 
for close-in faults beyond the unit transformer. 


9.5 Two-Zone KLF Scheme 


Like all other elements in generator protection. the loss- 
of-field relay should be supported by backup to prevent 
catastrophic failure if a device is out of service or a 
component should fail. 

Two loss-of-field relays provide better protection than 
one. The first, or zone 1, relay is set to be restrictive 
(Figure 8-17) and typically trips through a 0.25-s timer. 
It provides fast clearing on loss of field, yet is secure 
against swings such as that shown passing through points 
CDEF in Figure 8-17. The zone 2 relay is set wider and 
typically drives a 1-s timer to detect partial loss of field, 
provide an alarm function, and back up the zone 1 relay. 
A total functional characteristic similar to the KLF type 
is required to do this. Other setting data are given in 
Tables 8-1 and 8-2. 

Figure 8-18 shows the dc schematic for the KLF or 
KLF-1 zone 2 relay. Zone 1 may be used without a 
TD-A timer unless extreme emphasis on security is made. 
No TD-2 relay is required if the undervoltage contacts 
of the zone 1 relay are shorted or the type 40, solid- 
state relay is used. Without TD-2 quick tripping occurs 
when Z and D operate irrespective of the voltage level. 


10. PROTECTION AGAINST GENERATOR 
MOTORING 


Generator motoring (sometimes referred to as reverse 
active power) protection is designed for the prime mover, 
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Figure 8-17 KLF relay stable swing following clearing of 
nearby three-phase fault. 











Table 8-1 Recommended Settings for KLF Relay 
Zone 1 Zone 2 Both Zone 1 
Setting (alone) (alone) and Zone 2 
Impedance See Figure 8-17 See Figure 8-17 бее Figure 8-17 
setting 
Voltage (a) under- 80% Zone 1 voltage 
setting voltage con- contact 
tact shorted shorted 
or Zone 2 dropout 
(b) set at 80% voltage set at 
for security 80% 
TD-1 (See 1/4 to 1 sec 1/4 to 1 sec Zone 1 timer = 
Figure (1/4 see ade- (1 sec pre- 1/4 sec 
8-18) quate) ferred) Zone 2 timer = 
1 sec 
TD-2 (See Мої required 1 min. None for Zone 1 
Figure for (a) above Zone 2 timer = 
8-18) For (b) above 1 min. 
use 1 min. 
Advan- Less sensitive 1) More sensi- 1) Same as 1). 
tages to stable sys- tive to LOF 2). and 3) at 
tem swings condition left. 
2) Can operate 2) Provides 
on partial back-up pro- 
LOF tection 
3) Provide 
alarm fea- 
tures for 
manual орет- 
ation 
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Table 8-2 Special Settings for Multi-Machines 


Bussed at Machine Terminals 





Zone | Zone 2 Both Zone 1 
Setting (alone) (alone) and Zone 2 
Impedance See Figure 8-17 See Figure 8-17 See Figure 8-17 
setting 
Voltage (a) under- 87% Zone 1 voltage 
setting voltage con- contact 
tact shorted shorted with 
or Zone 2 set at 
(b) set at 87% 87% 
for security 
TD-1 (See 1/4 to 1 sec 1/4 to 1 sec Zone | timer = 
Figure (1/4 sec ade- (1 sec pre- 1/4 sec 
8-18) quate) ferred) Zone 2 timer = 
1 sec 
TD-2 (See Not required 10 sec for di- None for Zone 1 
Figure for (a) above rectly cooled Zone 2 timers: 
8-18) For (b) above 25 sec for indi- 10 sec for di- 


use 10 sec 
for directly 
cooled. 25 
sec for indi- 
rectly cooled 


rectly cooled 


rectly cooled. 
25 sec for in- 
directly cooled 





Dc Negative 


0.25 
Seconds 
D/O 


Dc Positive 
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rather than the generator. With steam turbines, for ex- 
ample, turbines will overheat on low steam flow, but 
will be protected by steam temperature devices. With 
hydroturbines, hydraulic flow indicators protect against 
blade cavitation on low water flow. Similar devices are 
used to protect gas turbines. 

Generator motoring protection can be provided by 
devices such as limit switches or exhaust-hood temper- 
ature detectors. However, a reverse-power protective 
relay is recommended for added safety. Due to the 
extreme nature of this hazard, two motoring relays are 
recommended to operate in an “ог” mode and respond 
to different current and voltage. The reverse-power re- 
lay is commonly used with diesel engine generating units, 
particularly when the danger of explosion and fire from 
unburned fuel exists. 

Motoring results from a low prime-mover input to 
the ac generator. When this input cannot satisfy all the 
losses, the deficiency is supplied by the generator ab- 
sorbing real power from the system. Since field exci- 
tation should remain the same, the same reactive power 
would flow as before motoring. Thus, on motoring, the 
real power will flow into the machine, whereas the re- 
active power may be either flowing out of or into the 





ТО-1-ТО-А Time+0.25 Seconds 


Figure 8-18 Type KLF or KLF-1 Dc schematic for zone 2 loss of excitation protection. (Timer settings are given in Tables 
8.1 and 8.2.) 
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machine. Usually, the reactive power will be supplied 
to the system as machines are not generally operated 
underexcited. 

A relay designed to detect motoring must be ex- 
tremely sensitive and even then cannot detect all con- 
ditions of reverse power. For example, suppose a tur- 
bine had its valves closed to slightly less than the no- 
load steam requirements. The turbine would supply, 
say. 99% of the losses, and the generator (as a motor) 
would supply 1%. If the total losses were 3.0% of the 
kW rating, the kW drawn by the generator (as a motor) 
trom the power system would be only 1.06 of 3.0%. 
or 0.03% of the nameplate rating. This is a challenge 
beyond the capabilities of most motoring detection re- 
lays. Solid-state and microprocessor technologv allows 
such low sensitivity while, at the other end of the scale. 
providing full-load current capability. The SRW relay 
may be set as low as 1 mA. 

When the prime mover is spun at synchronous speed 
with no power input, the approximate reverse power 
required to motor a generator, as a percentage of the 
nameplate rating in kW, is: 


Condensing steam turbine 1 to 3% 
Noncondensing steam turbine 3-% 
Diesel engine 25% 


Hydraulic turbine 0.2 to 2 96 


10.1 Steam Turbines 


When operating under full vacuum and zero steam in- 
put. condensing turbines require about 3.096 of the kW 
rating to motor. Noncondensing turbines require 3.0% 
or more of the rated kW to motor when operating against 
atmospheric or higher exhaust pressures at zero steam 
flow. 


10.2 Diesel Engines 


If no cylinders are firing. diesel engines require about 
25% of the rated kW figure. If one or more cylinders 
are firing at no load, the reverse power will be lower 
than this depending on the governor action and effect 
on the system frequency. 


10.3 Gas Turbines 


The large compressor load of gas turbines represents a 
substantial power requirement from the system when 
motoring. Consequently, the sensitivity of the anti- 
motoring device is not critical. 


10.4 Hydraulic Turbines 


When the blades are under the tail-race water level, the 
percent of kW rating required for motoring is probably 
well over 2.096. From 0.2 to 2.096 kW is required for 
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the turbine to motor when the blades are above the 
tail-race level. For turbines using a Kaplan adjustable- 
blade propeller, the flat-blade condition probably re- 
quires less than 0.2% kW to motor. 

Several different types of relays are used for motor- 
ing detection, with sensitivities ranging from 1 mA to 
5 A. All have adjustable operating times. When the 
more sensitive relays are used, care should be used in 
selecting a current transformer for them. Indeed, a me- 
tering accuracv-class ct is preferred to a relaying accu- 
racy class. A tvpical schematic is shown in Figure 8-19. 


11. INADVERTENT ENERGIZATION 


Many instances of inadvertent energization have oc- 
curred over the years. А few of the causes were: 


Closing the generator breaker with the machine at 
standstill | 

Closing a station service breaker with the machine at 
standstill 

High-voltage breaker flashover near synchronism 

Closing of generator disconnect with unit breaker closed 


Although careful operating procedures and the judi- 
cious use of interlocks can usually prevent these oc- 
currences, the ingenuity of humans to circumvent these 
procedures and interlocks is legendary. 

Full-voltage energization of a machine at standstill 
does not produce an enormous magnitude of current, 
but it does supply an extreme impact of torque. and 
mechanical damage to the shaft or bearings may occur, 
The resulting current is of sufficient magnitude that fast 
removal is necessary if thermal damage to the generator 
is to be avoided. Instantaneous separation offers no 
guarantee that no damage will occur. 

Various relays applied for other functions may detect 
inadvertent energization. Loss-of-field relays may re- 
spond, but they usually use single-phase current, and 
therefore, complete sensing is not afforded for all pos- 
sible combinations of this phenomenon. Relays applied 
to detect motoring will operate, but their operating time 
is set to other criteria and the long time customarily 
used is unsuitable for this additional function. Distance- 
and voltage-controlled overcurrent relays applied for 
generator phase backup protection may operate. but 
again the time delay for tripping may be unsuitable. 

To further compound the difficulties associated with 
detecting inadvertent energization is the fact that gen- 
erator potential circuits are often disconnected in the 
interests of safety when a machine is shut down. Any 
of the “normal” relays that are dependent on this volt- 
age supply will be unable to respond at the very time 
when they are needed. Also, it must be remembered 
that the flashover of an open breaker-cannot be cleared 
by energizing its trip coil. 
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D = Directional Unit 
СУ = Timing Unit 


Figure 8-19 Typical schematic for anti-monitoring protection using CRN-1 (32) relay. 


Several protective schemes have been used success- 
fully to detect three- or single-phase inadvertent ener- 
gization. Among them are: 


Directional overcurrent relays 

Pole disagreement relays 

Relays containing logic to detect overcurrent for a short 
time following 0 V 

Frequency-supervised overcurrent relays 

Voltage-supervised overcurrent relays 

Distance relays 

Unit transformer neutral overcurrent in special breaker- 
failure relaying scheme. 


Care must be exercised to assure that either a voltage 
supply is available when operation is required or un- 


dervoltage allows operation of the scheme. Further, the 
circumstances associated with inadvertent energization 
itself must not be able to circumvent a necessary part 
of the logic for tripping, such as the requirement for 
the presence of reduced frequency. 


12. FIELD GROUND DETECTION 


A single ground on the field of a synchronous machine 
produces no immediate damaging effect. It must be 
detected and removed because of the possibility of a 
second ground that could short part of the field winding 
and cause damaging vibration. Care should be used in 
establishing any field ground detecting scheme to assure 
that any bearing current that is allowed will not cause 
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bearing deterioration. One scheme that has been used 
is shown in Figure 8-20. A small leakage current flows 
through the field-to-ground capacitance, which, on a 
large turbogenerator, can be between 0.3 and 0.5 pf. 
The relay detects an increase or decrease in the mag- 
nitude of this current. 


12.1 Brush-Type Machine 


One recommended field ground protection scheme for 
a generator with brushes (i.e., stationary field leads 
accessible) is illustrated in Figure 8-21. This scheme. 
which does not require any external source. uses the 
very sensitive d’Arsonval dc relay, type РСЕ. 

The DGF relay uses a voltage divider circuit. con- 
sisting of two linear resistors (К, and К.) and а non- 
linear resistor whose resistance varies with the applied 
voltage. If the field becomes grounded, a voltage will 
develop between point “М” and ground. The magni- 
tude of this voltage will vary according to the exciter 
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voltage and point at which the field is grounded. The 
voltage will be at maximum if the field is grounded at 
either end of the winding. 

A null point will exist in the field winding where a 
ground will produce no voltage between M and ground. 
This null point will be located at a point on the field 
winding from which there is balance between the two 
field winding resistances and two relay resistances to 
positive and negative. A ground at the null point will 
go unrecognized until the field voltage is changed as a 
result of daily reactive (or voltage-level) scheduling. 
Faults having impedance of up to 300,000 О can be 
recognized with this scheme. 

A pushbutton. connected across a portion of the R, 
resistor. permits a manual check for possible ground 
faults at the center of the winding. This provision is 
desirable when the generator is to be "base-loaded" 
and will not experience periodic excitation variations. 

Another scheme that has been used successfully uti- 
lizes a Wheatstone bridge with the field circuit to ground 


Exciter 


Field Puls 
Breaker T СИР 
Path of The I 
Leakage ii 
Currents 
Thru Field AC Supply 
Capacity | 
zem — 
{ z 
R R | 
<= Slip Rings and Brushes а Field Winding 
Oil Film 
in Bearing 


Micarta Insulating Block 








Figure 8-20 Path of the currents іп a machine when using an ac field ground relay. 
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forming one leg of the bridge. А solid ground fault 
anywhere in the field circuit can be detected immedi- 
ately through the recognition of the resulting unbalance. 


12.2 Brushless Machines 


For a “brushless” type of machine, no normal access is 
available to a stationary part of the generator field cir- 
cuit, and no continuous monitoring to detect field grounds 
is possible. One widely employed scheme uses a 60-hz 
tuned overvoltage relay connected between the neutral 
of the three-phase ac exciter and ground. A ground on 
the exciter, in the three-phase rectifier bridge, in the 
field, or on the dc leads will be detected. This requires 
a pilot brush connected to the neutral of the exciter 
that is periodically dropped. 

Another variation of this form of detection is used 
by the solid-state type 64F relay. It impresses a dc volt- 
age from the negative ас lead to ground and continu- 
ously monitors current flow. An increase in current 
accompanies a field ground. 

The pilot brush arrangement can also be used with 
the Wheatstone bridge scheme (YWX111) described 
under “Brush-Type Machine.” 
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Й V1 —« Уә 
—L Field Field 
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Exciter R1 R5 
Rating in Ohms in Ohms 
in Volts 

125 0 45,000 
250 5,000 23.000 
375 10,000 23,000 





Figure 8-21 Field ground protection scheme for а gen- 
erator. 
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12.3 Injection Scheme for Field Ground 
Detection 


The scheme described in Section 4.4, GIX-104, is equally 
applicable to field ground detection, irrespective of the 
type of excitation system in use. This is shown in Figure 
8-22 for a “rotating rectifier" excitation system. As with 
the stator winding ground detection application, this 
system is able to detect field circuit grounds even though 
the machine is at standstill or running, excited or not. 


13. ALTERNATING-CURRENT OVERVOLTAGE 
PROTECTION FOR HYDROELECTRIC 
GENERATORS 


Alternating-current overvoltage protection is recom- 
mended for hydroelectric generators subject to over- 
speed and consequent overvoltage on loss of load. Some 
hydroelectric generators can go up to 14096 or more of 
rated speed when full load is dropped. The voltage may 
reach 200% or more. 
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Figure 8-22 Rotating rectifier excitation system. 
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The ac overvoltage protective scheme is shown in 
Figure 8-23. The relay, which changes the excitation to 
reduce the output voltage, can also provide backup pro- 
tection for the voltage regulator. 


14. GENERATOR PROTECTION AT REDUCED 
FREQUENCIES 


Many turbine generators are started on turning gear, 
which rotates the shaft at about 3 rpm. For a cross- 
compound machine, the field must be applied before 
the machine is removed from the turning gear. At this 
point, excitation should be limited to rated volts per 
hertz to avoid overexciting the unit or station service 
transformer. A tandem unit need not have field applied 
until it is up to speed and ready to synchronize. 

Cross-compound generators may be operated for 
several hours during warmup at frequencies well below 
their rating. Current transformer and relay performance 
must be considered at these reduced frequencies be- 
cause fault magnitudes are approximately the same as 
at rated frequency. Current transformer performance 
can be expected to deteriorate badly at low frequency. 
There may be a small compensating effect, however, 
in the reduction of burden impedance. 

The performances of some electromechanical relays 
associated with the generator or a generator-transformer 
unit at 15 and 30 Hz are summarized in Table 8-3 in 
terms of 60-Hz performance. 

For cross-compound turbine generators. the low- and 
high-pressure units should have their fields applied and 
be synchronized while on turning gear, so that they are 
brought together up to rated speed. Synchronizing surges 


























Figure 8-23 Overvoltage protection for generator. 
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may occur, at these low speeds, that will operate the 
loss of field relays. These synchronizing surges can reach 
60% of the full-load current, since the impedance in 
the generators is very low. Loss-of-field relays applied 
to a cross-compound unit should therefore be disabled 
during startup. 

The SC relay (and/or the SV) is recommended as 
supplementary protection when reduced frequency pro- 
tection is required. The SC current relay has a flat char- 
acteristic and increases slightly in sensitivity as the op- 
erating frequency drops. When an SC relay is operated 
on dc, it picks up at approximately 15% below its nor- 
mal 60-Hz pickup. The pickup of the SV voltage relay 
is almost directly proportional to frequency: its sensi- 
tivity at 15 Hz is thus 4 times the sensitivity at 60 Hz. 
For this reason. the SV relay provides excellent 
reduced-frequency protection. 

In this application, an SC relay is frequently located 
in the differential circuit of each phase of the generator 
differential relay. The SV relay is connected across the 
secondary resistor in the generator neutral circuit. 

None of the relays listed in Table 8-3 will overheat 
nor operate incorrectly if left in the circuits when the 
generator is operated at reduced frequencies. The KLF 
and KLF-1 relays, when used in a cross-compound con- 
figuration, must have their trip incapacitated during 
startup. The SC and SV relays used for low-frequency 
protection must be removed from service for normal 
operation. This тау be done by a trequency relay set 
for approximately 55 Hz (for a 60-Hz system) and an 
auxiliary relay. 


15. OFF-FREQUENCY OPERATION 


Turbine blades are carefully designed to have no me- 
chanical resonant conditions when rotating at rated speed. 
If this were not the case, mechanical deterioration would 
occur as the blades flex under the stress of loaded op- 
eration. At elevated or reduced speed, there are res- 
onant points where prolonged operation produces blade 
fatigue damage and ultimate failure. 

If operating frequency (speed) deviates from the rated 
value, corrective action must be initiated or tripping 
must result. Since mechanical fatigue is a cumulative 
phenomenon, the time of loaded operation at reduced 
frequency must be monitored and accumulated over the 
life of the turbine. Figure 8-24 shows the limits that one 
manufacturer imposes for machines in two categories: 
(1) those having the longest stage blading of length 18 
to 25 in. and (2) those having the longest stage blading 
of length 28: to 44 in. These curves are not a national 
or international standard. The specific manufacturer of 
the turbine should be contacted to ascertain specific 
recommendations for limits. 
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Frequency -- Hz (60 Hz Machines) 





Table 8-3 Performance of ABB Protective Relays at 
Reduced Frequencies 


Pickup in percent of 60- 
hertz pickup Classification* 


15 Hertz 30 Hertz 





Overcurrent CO-2 165 115 A 
(51) CO-5 5 150 B 
CO-6 р 143 В 
СО-7 sd 140 B 
CO-8 262 138 A 
CO-9 260 140 A 
SC 85 93 A 
COV Performance same as CO Unit used in 
relay 
Voltage SV 26 50 A 
(59) CV contact- 122 120 A 
making 
voltmeter 
CV-8 Р Р С 
Differential СА generator 255 123 A 
(87) CA transformer 5 149 B 
SA-1 370 175 A 
HU-1 250 130 A 
Negative 
sequence COQ О 
(46) SOQ 
Loss of 
field (40) KLF (or KLF-1) A 


ЗА) Protection available at both 15 and 30 cycles. B) protection available at 30 cycles 
only. C) additional protective relays required for start-up or low frequency operation. 
O) the sensitivity of the COQ & SOQ relays to negative sequence currents is a direct 
function of frequency, while its sensitivity to positive sequence currents is an inverse 
function of frequency. This relay will operate for heavy three-phase and phase-to- 
phase faults at reduced frequencies, but should not be relied upon for primary pro- 
tection during warm-up. A) Since the KLF or KLF-1 relays operate on lagging reactive 
power into the machine, the relay will neither operate falsely nor provide loss-of-field 
protection during the warm-up period. 

"Very insensitive or non-operable at the frequency indicated 


Ofl- -Медшепсу Turbine Oparátion Off-Frequency Turbine Operation 
18, 20, 23 & 25 in. LP Ei 28% In. LP Ends Thru 44 In. LP Ends 
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"Total Accumulated Time 
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10 100 10 20 100 1000 


Total Accumulated Time Limit -- Minutes (b) Total Accumulated Time Limit — Minutes 











[| | | 
|-h H 4 MEN LIII] TL T TI 
Total Accumulated 
Time 10 Minutes 




















8 


Figure 8-24 One manufacturer’s limits for off-frequency operation of combustion turbines. 
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Under (or over) frequency relays as described in the 
chapter on “оаа shedding" may be used to detect fre- 
quency excursions, but this must be monitored by watt 
level because off-frequency operation at a light load 
(above the level that produces adequate steam flow to 
remove turbine friction and windage losses) is not haz- 
ardous. The combination of these two sensing elements 
is used to drive an accumulation timer to allow an es- 
timate of the extent of life remaining to be made. The 
need for blade examination and possible replacement 
can then be evaluated. 

The microprocessor-based system REG-216 has a 
provision for integrating low-frequency overtime and 
alarming and tripping to prevent damage to the turbine. 
Also, to avoid any detrimental effects of the front-end 
filters in detecting overcurrent at off-frequency levels, 
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the 50, instantaneous trip function is sensed ahead of 
these filters. Overcurrent protection. then, is provided 
at a frequency as low as 2 Hz. 


16. RECOMMENDED PROTECTION 


Figure 8-25 shows the recommended protection for large 
tandem-compound unit-connected turbine generators. 
Figures 8-26 and 8-27 illustrate the recommended pro- 
tection for machines that are not unit-connected. Gen- 
erally, such generators are used in industrial applications. 

A wide variety of implementations of the numbered 
functions are in use and some are described in Table 
8-4. The REG 100 and REG 216 are complete multi- 
function microprocessor-based packages. 





Positive 
|| Protective 


Relays 


86G 


86G 


Negative 


Figure 8-25 Overall protection for a tandem-compound unit-connected generator. 
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Сһаріег 8 





NOTES: 


A) Neutral ct's should be rated 
approximately one-half of 
the maximum ground 
fault current. 


B) Phase ct's should be rated 
approximately 150% of 
full load. 







LARGE GENERATOR 

1. 0-500KVA below 5KV 

2. 501-1000KVA below 2.4KV 
(7 3. Above 100ОКУА, any voltage 


Figure 8-26 Recommended protection for large generators as used in industrial plants. 


17. OUT-OF-STEP PROTECTION 


As generator impedances become larger in proportion 
to the system impedance, the electrical center will be 
closer to the generator. This condition intensifies the 
need for out-of-step detection as part of the generator 
relaying complement. Such relaying schemes are de- 
scribed in Chapter 14, “System Stability and Out-of- 
Step Relaying.” 


18. BUS TRANSFER SYSTEMS FOR 
STATION AUXILIARIES 


The automatic transfer of highly essential station aux- 
iliary loads such as reactor coolant pumps, boiler feed 
pumps, and induced draft fans is common practice. Par- 
alleling the normal and emergency sources on a con- 
tinuous basis is not generally recommended because the 
higher breaker-interrupting duties involved can cause 





NOTES: 


A) Phase ct's should be rated 
approximately 150% of 
tuli load. 


B) Neutral ct's should be rated 
approximately one half of 
the maximum ground 
fault current. 






SMALL GENERATOR 
1. 0-500KVA below 5KV 
2. 501-1000KVA below 2.4KV 


600 volts and below, 


other types of grounding 
may be applicable. 


Figure 8-27 Recommended protection for small generators as used in industrial plants. 
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problems, as can circulating currents between systems. 
Transfers should not be made if voltage of the alternate 
supply is not satisfactory or the load circuits are faulted. 
Also, supply breaker tripping should be delayed long 
enough to permit fault sectionalizing in the load circuits. 


18.1 Fast Transfer 


This is a term applied to the connection of a bus to a 
second power source with little or no time delay. This 
process is accomplished with an "open" transfer or 
"closed" transfer. The open transfer disconnects the 
normal source before connecting the second. The closed 
transfer allows the two systems to operate tied together 
momentarily, and then to have the original source breaker 
tripped. For all the fast transfer schemes, it is recom- 
mended, if a synchronism check relay is required. that 
it be preenergized so that it may determine the existence 
(or lack of) synchronism prior to the need to transfer. 

Figure 8-28a shows an example of the fast open- 
transfer scheme. 43 is a switch having automatic and 
manual positions. With 43A closed, CVX synchronism 
check relay contact closed due to the two buses being 
in synchronism prior to the need for transfer, breaker 
A having been tripped for any reason (as evidenced by 
its 52b being closed), and no fault having occurred on 
the bus to produce the opening of 86B, then the close 
circuit of breaker C becomes energized. 

The simple process of tripping breaker A, when in 
the automatic mode in the absence of a bus fault, pro- 
duces the closure of breaker C. 


18.2 Choice of Fast Transfer Scheme 


Open transfer would be selected in a system in which 
the supportive WR? (moment of inertia) is sufficient to 
keep the switched bus close enough in frequency during 
the open period to allow reconnection without an ex- 
cessive shock to rotating machinery connected to that 
bus. 

The "simultaneous" scheme is a variation of the open 
transfer scheme. With it, the trip-coil of the normal 
supply breaker and the close-coil of the incoming supply 
breaker are energized simultaneously. Since the close 
function is somewhat slower than the trip function of a 
given type of breaker, the opening breaker wins the 
race. Figure 8-28c shows the contact array for this 
sequence. 

Closed transfer would be the proper scheme to use 
when WR? associated with the rotating equipment is 
inadequate to allow separation for even a short time. 
The impact of reenergization would be too great. Figure 
8-28c shows the addition of a “52а” contact of breaker 
C to delay the tripping of breaker A on a manual trans- 
fer. It is not considered wise to delay tripping for a fault 
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that operates 86S, the lockout relay associated with a 
source circuit fault. 

Synchronism check is a satisfactory means for su- 
pervising the closing of the bus tie breaker. It is not 
suitable, however. for a fault-forced transfer unless the 
system is supervised bv an 86B lockout relay that pre- 
vents transferring to a bus fault. Otherwise, it would 
be possible for both sources to be connected to a fault, 
compounding the damage and producing no useful result. 


18.3 Slow Transfer 


Slow transfer carries with it the connotation of delaying 
the reenergization of a bus until the voltage on motors 
connected to the bus has decayed to the point where 
no damage can be expected with out-of-phase energi- 
zation. This level is generally considered to be 25% of 
rated. Figure 8-28b describes this arrangement. 
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Figure 8-28 Variations of transfer schemes. 
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19. MICROPROCESSOR-BASED GENERATOR 
PROTECTION 


Important features related to generator protection can 
only be achieved by a coordinated generator protection 
package, utilizing microprocessors. Self-monitoring, 
communications, oscillography, and adaptive settings 
are accomplished straightforwardly and reliably. Flex- 
ibility in the application is important to allow individual 
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interface that allows ease of settings and in some cases 
the choice of software modules. 

In the use of multifunction coordinated packages. 
sight should not be lost of the need for adequate re- 
dundancy to provide backup and cover the failure of 
any element. The REG 216 and REG 100 series address 
these needs and provide extensive generator protection 
utilizing proven concepts. 
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Motor Protection 
W. A. ELMORE and J. P. GARITTY 


1. INTRODUCTION 


1.11 General Requirements 


Motor protection is far less standardized than generator 
protection. Although the National Electric Code and 
NEMA standards specify basic protection require- 
ments, they do not fully cover the many different types 
and sizes of motors and their varied applications. There 
are many other schemes, all of which offer different 
degrees of protection. As with generator protection, 
the cost and extent of the protective system must be 
weighed against the potential hazards. The size of the 
motor and type of service will also influence the type 
of protection required. Electromechanical, solid-state, 
or microprocessor-based relays can be used stand-alone 
or in combination with one another to achieve the de- 
sired degree of security and dependability. 

Motor protection should involve the detection of the 
following hazards: 


1. Faults in the windings or associated feeder circuits, 
including both phase and ground fault detection. 
Excessive overloads. Overloads result in thermal 
damage to the insulation and can be caused by con- 
tinuous or intermittent overload, or a locked rotor 
condition (failure to start, or a jam condition). 

3. Reduction or loss of supply voltage. Any reduction 
of supply voltage directly affects the applied torque 
to the connected mechanical load. 

4. Phase reversal. Starting a motor in reverse can be 
hazardous to the load. 

5. Phase unbalance. A small amount of unbalance 

can result in a significant increase in the motor 

temperature. 

Out-of-step operation for synchronous motors. 

7. Loss of excitation for synchronous motors. 


2. 


Protective relays applied for one hazard may operate 
for others. For example, a relay designed to operate on 
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an excessive Overload could also protect against a fault 
in the windings. 

Protective devices тау be installed on the motor 
controllers or directly on the motors. The protection is 
usually included as part of the controller. except for 
very small motors, which have various tvpes of built-in 
thermal protection. 

Motors rated 600 V or below are generally switched 
by contactors and protected by fuses or low-voltage 
circuit breakers equipped with magnetic trips. Motors 
rated from 600 to 4800 V are usually switched by a 
power circuit breaker or contactor (often supplemented 
by current-limiting fuses to accommodate higher inter- 
rupting requirements. Motors rated from 2400 to 13.800 
V are switched by power circuit breakers. 

Although protective relays may be applied to a motor 
of any size or voltage rating. in practice they are usually 
applied only to the larger or higher-voltage motors. 


1.2 


Excessive heat in the motor can be caused during start- 
ing, a locked rotor condition, load requirements, volt- 
age unbalance. or an open-phase condition and can 
cause degradation of the mechanical and dielectric 
strength of the insulation. This thermal deterioration 
of the insulation sets up the possibility of future faults. 

The equivalent circuit of the motor helps in visual- 
izing what occurs in the motor during the above con- 
ditions. The motor impedance during these conditions 
is directly influenced by the slip of the motor 


Induction Motor Equivalent Circuit 


n, — n, . 
——— per unit 
п 


$: 


slip s 
where n, and n, are the stator field and rotor speeds. 
At start, the slip is 1.00 or 100%. During a running 
condition, the slip is approximately 0.01 to 0.08 or 1 to 
8%. The equivalent circuit during a starting condition 
is as shown in Figure 9-1. The input impedance at start 
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Rs iXs )Xr 
: Rr 
* iXm Re 552 


ZStart 


Figure 9-1 


Induction motor equivalent circuit at start. 


can be approximated by 
Letar = R, + R, + iX, т jX, 


where R,, R,, jX,, jX, are the stator and rotor resistance 
and reactance. During a start condition, the impedance 
is predominately reactive. As the motor gains speed, 
the impedance becomes more resistive, and the power 
factor increases. 

The negative sequence impedance of a motor, ex- 
cluding wound rotor motors, is very nearly equal to 
Zotar above, and from Figure 9-2, can be approximated 
by 


Z = К, + R,/(2 - s) + jX, + jX. 


With Z, and Z,44 approximately equal, the negative 
sequence current can be calculated for a particular neg- 
ative sequence voltage unbalance. If У, = 5% and the 
starting current I, of the motor is 8Ij,, then I, would 
be 0.40 or 40%. This will result in an increase in stator 
heating and, in particular, rotor heating. The rotor heat- 
ing results from the combined effect of the counterro- 
tating flux that causes large currents to be induced at 
f,(2 — s) Hz, where f, is the system frequency, and the 
increased skin effect in the rotor that can cause its resist- 
ance to be 5 to 10 times normal. 


1.3 Motor Thermal Capability Curves 


Protecting a motor for a variety of hazards requires the 
protection engineer to know full-load current, permis- 


Rs jXs іХ; 
; Rr 
| ІХт Re zs 
2 


Figure 9-2 Induction motor negative sequence network. 
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sible continuous allowable temperature rise, locked-ro- 
tor current and permissible maximum time at that cur- 
rent, and accelerating time, which is a function of the 
load characteristics, and starting voltage. А typical mo- 
tor thermal capability curve, which is shown in Figure 
9-3, is helpful in determining the temperature endur- 
ance of the insulation. The lower part of the curve is 
usually rotor-limited. The limit arises because of the 
PR heating effect during a locked rotor condition. This 
represents the time a motor can remain stalled after 
being energized before thermal damage occurs in the 
rotor. This is an [21 limit, which can also be expressed 
as a (V?/R)t limit. The middle portion is the acceleration 
thermal limit part of the curve. This is from the locked- 
rotor current to the motor breakdown torque current 
portion of the curve. The upper section of the curve is 
the running or operating thermal limit portion. This 
represents the motor overload capacity. 


2. PHASE-FAULT PROTECTION 


The phase-fault current at the terminals of a motor 
usually is considerably larger than any normal current, 
such as starting current or the motor contribution to a 
fault. For this reason, a high-set instantaneous-trip unit 
is recommended for fast, reliable, inexpensive, simple 
protection. When the starting current value approaches 
the fault current, however, some form of differential 
relaying becomes necessary. The sensitivity of the dif- 
ferential relay is independent of starting current, whereas 
instantaneous-trip units, which respond to phase cur- 
rent, must be set above the starting current (including 
any dc offset due to asymmetrical transients that may 
be caused by voltage switching). This difference is shown 
in Figure 9-4. 

To allow for fault resistance and different types of 
faults and to assure twice pickup on the unit for mini- 
mum fault, the instantaneous phase-relay pickup should 








Typical Motor 
Thermal Capability Curve 


> 


Time 


Starting 
Curve 








Current 


Figure 9-3 Motor thermal capability curve. 
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Figure 9-4 Comparison of sensitivities of type CA differ- 
ential relay and IT instantaneous trip unit. 


be set at less than one-third of I;,,,, where I, is the 
system contribution, excluding the motor contribution, 
to asymmetrical, three-phase fault on the motor feeder. 
Also, pickup should be set at 1.6 times Ij 4 or more, 
where I; is the actual symmetrical starting current, as 
limited by source impedance. The ratio Іі should 
thus be greater than approximately 5.0. 

In general then, instantaneous trip units can be used 
for phase protection if the motor KVA (or approxi- 
mately the horsepower) is less than one-half the supply 
transformer KVA. If not, differential protection, such 
as that obtained by the CA or MPR, is required for 
sensitive fault detection. 

The logic for this criterion comes from the following. 
Assume a motor is connected to a supply transformer 
with 8% impedance. The maximum fault current at the 
transformer secondary with an infinite source is 


Ly, = 1/0.08 


12.5 per unit on the transformer base 


The maximum motor starting current in this case is 


КЕ 1 
LR (0.08 + Хм) 


where Ху is the motor impedance. In order that І;,,/ 
Iir > 5, Ху must be greater than 0.32 per unit on the 
transformer-rated KVA base. 
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If the motor has a full-voltage starting current of six 
times full load, then Ху, = 1/6 = 0.167 on the motor- 
rated KVA base. With a motor KVA of 1/2 the trans- 
former КУА, ап Ху, of 0.167 would be 0.333 on the 
transformer base, and greater than 0.32. Clearly, this 
rule of thumb should only be applied when there is no 
appreciable deviation from the parameters assumed 
above. 


3. GROUND-FAULT PROTECTION 


A solidly grounded system may be protected by an in- 
verse. verv inverse. or short-time induction or micro- 
processor-based relay connected in the current trans- 
former residual circuit. For a solid fault at the machine 
terminals, a typical setting is one-fifth of the minimum 
fault current. Time dial settings of around 1 give op- 
erations of four to five cycles at 500% pickup when the 
CO-2 relay is used. 

During across-the-line starting of large motors, care 
must be taken to prevent the high in-rush current from 
operating the ground relays. Unequal saturation of the 
current transformers produces a false residual current 
in the secondary or relay circuits. Using two- rather 
than three-phase relays or three-phase relays with dif- 
ferent impedances will tend to increase the effects of 
false residual currents. 

False relay operation is unlikelv if the phase burdens 
are limited so that the voltage developed bv the current 
transformer during starting is less than 75% of the re- 
laying accuracy voltage rating of the current trans- 
former for the particular CT tap being used. If false 
relay operation is a problem, the ground relay burden 
should be increased by using a lower relay tap. All three 
transformers will then be forced to saturate more uni- 
formly. effectively reducing the false residual current. 
This increased saturation may reduce the sensitivity to 
legitimate ground faults and this should be checked. 
Alternatively, a resistor or reactor can be connected in 
series with the ground relay. 

The common practice in 2400- to 14,400-V station 
service, and industrial power systems, is to use low- 
resistance grounding. By using the "doughnut current 
transformer" scheme, such systems offer all the advan- 
tages of instantaneous trip units— speed, reliability, 
simplicity, low cost— without any concern for starting 
current, fault contributions by the motor, false residual 
current, or high sensitivity. 

Figure 9-5 shows how the BYZ zero-sequence-type 
current transformer can be used as a supply for the 50 
(IT) instantaneous trip unit or 51 (CO) time overcurrent 
relay. Typical sensitivities obtainable with these ground- 
fault protection systems are shown in Table 9-1. A volt- 
age is generated in the secondary winding only when 
Zero sequence current is flowing in the primary leads. 
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Figure 9-5 BYZ ground relaying scheme. 


Since virtually all motors have their neutrals un- 
grounded, no zero sequence current can flow in the 
motor leads unless there is a ground fault on the load 
side of the BYZ. If surge-protective equipment is con- 
nected at the motor terminals, however. current may 
be conducted to earth by this equipment. To date, there 
has been no reported case of an instantaneous relay 
connected to a BYZ current transformer tripping be- 
cause of surge-protective equipment. The presence of 
such equipment may safely be ignored in choosing a 
relay. 

This current transformer is also used in the flux bal- 
ancing differential scheme, in which each phase is 
equipped as shown in Figure 9-6. This scheme combines 
excellent phase- and ground-fault sensitivity with free- 
dom from load current and starting current problems. 

For high-resistance grounded systems, where very 
high sensitivity is required, the CWP-1 directional ground 
relay should be considered. The voltage across the 
transformer grounding resistor may be used as a voltage 
polarizing source (Figure 9-7). The relay has a sensi- 
tivity of 7 mA at 69 V. 

The maximum torque angle occurs when the current 
leads the polarizing voltage by 45°. It is interesting to 
note that the maximum sensitivity angle is leading the 
reference voltage —3V, by 45°. In high-resistance 
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grounded systems, the predominant impedance for 
ground faults is the zero sequence network containing 
the grounding resistor as 3R and the zero sequence 
distributed capacitance. The resulting fault current cal- 
culated is influenced by this RC circuit and thus leads 
the applied voltage instead of lagging as would normally 
occur for a ground fault on a low-resistance grounded 
system. The CWP-1 directional ground relay is intended 
for use only on high-resistance grounded systems. 


4. LOCKED-ROTOR PROTECTION 


A rotating motor dissipates far more heat than a motor 
at standstill, since the cooling medium flows more ef- 
ficiently. During a failure to start or accelerate after 
being energized, a motor is subject to extreme heating 
(approximately 10 to 50 times more than for rated con- 
ditions) in both the stator windings and rotor. The 
equivalent circuit during a locked-rotor condition is sim- 
ilar to a transformer-equivalent circuit with a resistively 
loaded secondary. The heat distribution between the 
stator and rotor is contingent on the relative stator 
resistance and 60-Hz rotor resistance. Unlike an over- 
load condition, in which heat can be absorbed over time 
by the conductors, core and structural members, a locked- 
rotor condition produces significant heat in the con- 
ductors, which has little time to be transferred to other 
sections of the motor. Extreme heating takes place and 
can be tolerated by the motor for a very limited time. 
The time that a motor can remain at standstill after 
being energized varies with the applied voltage and is 
an 121 limit. A relay with an I’t characteristic that could 
be set for any permissible locked-rotor times and locked- 
rotor currents would naturally be the best choice for 
protecting the motor. 

The heat generated within the motor can be ap- 
proximated by 


Ty = Ij + KE 





Table 9-1 Relay Settings and Sensitivities Using the 50/5 BYZ Zero Sequence Current 
Transformers 
Maximum primary 31, 
Relay Minimum sensitivity in amperes for accurate 

Relay type setting primary 31, amperes timing and coordination 

4i ID? 73 ID* 45 ID? 73 1D 
IT 0.25 5.0 5.0 — — 
CO-8 or 9 0.5 9.0 10.0 25 112 
CO-8 or 9 2.5 24.0 24.0 540 1215 
CO-11 0.5 6.0 7.0 70 150 
CO-11 2:5 24.0 24.0 700 900 


443 ID and 7i ID are the inside diameter of the window in inches. 
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Utilizing both the positive and negative sequence cur- 
rents in an equation relating to Ij allows the motor to 
be protected throughout the full range of stator current 
with and without unbalance. The time-current charac- 
teristic is as shown in Figure 9-8 for the MPR relay. To 
insure adequate locked-rotor protection, the curve po- 
sition can be set slightly below the full-voltage locked- 
rotor time. Depending on the availability of RTDs, the 
cutoff can be set to protect the motor during an overload 
condition. A typical cutoff setting without RTDs would 
be 115 to 125% of full-load current. 

If the time required tor the motor to accelerate the 
load is significantly less than the permissible locked- 
motor time. the motor can be effectively protected using 
conventional time-over-current relays (Figure 9-10) or 
microprocessor relays (Figure 9-8). If. however. there 
is little difference in the two time periods, or the starting 
time exceeds the locked-rotor time (Figure 9-9), other 
considerations must be taken into account. 

For the case shown in Figure 9-9, it is tempting to 
try to fit an overcurrent relay characteristic between the 
two curves. It should be remembered, however, that 
the conventional overcurrent relay characteristic is a 
plot of operating time against sustained current (Figure 
9-10), whereas the starting characteristic is a trace of 
current against time (Figure 9-9). If I; & is applied to 
the CO relay for time t,. the contracts are very nearly 
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Figure 9-7 Typical connections of the product type CWP-1 (32N) for high resistance grounded systems. 
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Figure 9-8 Typical MPR characteristics. 


closed. Current does not drop below the CO pickup 
value until time t,. Contact closure occurs at some point 
t. even though the CO relay characteristic is always 
above the current trace. 

Over a narrow range, such as that between two and 
three times pickup, a CO relay can be assumed to op- 


erate if the integral of (I — 1)" dt exceeds К, where I 
is the multiple of pickup, and n and K are constants 
that depend on the relay type and time dial setting. If 
a linear-linear plot of (I — 1)" and t is used, a varying 
current and time can be compared with the relay char- 
acteristic on an area basis. In Figure 9-11, for example, 
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Figure 9-9 Motor starting time exceeding permissible locked 
rotor time. 


the CO relay contact will not close if the current drops 
below the CO pickup before area A equals area B. 
When both voltage and current are available, an al- 
ternative solution to locked-rotor problems for large 
motors is to use a distance relay and timer. A motor 
during start behaves like a three-phase balanced fault 
so a distance relay that responds to three-phase bal- 
anced faults should be used. The impedance of the mo- 
tor will remain fixed (largely reactive at a low power 
factor) if the motor does not accelerate. If the motor 
accelerates, both the impedance and power factor will 
increase (Figure 9-12). The impedance of a motor with 
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Figure 9-10 CO characteristic compared to current trace. 
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Figure 9-12 KD-10 distance relay (21) used for locked 
rotor and backup protection for large motor. 
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а locked rotor is essentially independent of terminal 
voltage and, as the motor accelerates, its impedance 
changes as indicated. This change of impedance with 
motor acceleration makes the distance relay particularly 
well-suited to this application. It also affords backup 
protection for phase faults and some ground faults. The 
timer can be obtained from one of two types of relays: 
a time-overvoltage relay (59) or time-overcurrent relay 
(50), each supervised by the 52a breaker contact. 

Also, a motor protection relay, PRO*STAR, can be 
used, which determines the speed-dependent heating 
in the rotor during a start. By utilizing thermal models 
for both the stator and rotor, which makes use of the 
varying slip during acceleration of the motor, the heat- 
ing effect during a start or locked rotor condition is 
determined. High-inertia motors in which the allowable 
locked-rotor time is less than the normal starting time 
is a good application for this type of relay. 

If neither of the above schemes is applicable to a 
motor that has a starting time greater than the allowable 
locked-rotor time, a mechanical zero-speed switch may 
be used. This device supervises an overcurrent unit and 
prevents the operation of a timer once rotation is de- 
tected. This scheme will not detect a failure to accel- 
erate to full speed nor pull-out with continued rotation, 
as the above schemes will. 


5. OVERLOAD PROTECTION 


Heating curves are difficult to obtain and vary consid- 
erably with motor size and design. Further, these curves 
are an approximate average of an imprecise thermal 
zone, in which varying degrees of damage or shortened 
insulation life may occur. It is difficult, then, for any 
relay design to approximate these variable curves ad- 
equately over the range from light sustained overloads 
to severe locked-rotor overload. 

Thermal overload relays offer good protection for light 
and medium (long-duration) overloads, but may not for 
heavy overloads (Figure 9-13a). The long-time induction 
overcurrent relay offers good protection for the heavy 
overloads, but overprotects for light and medium over- 
loads (Figure 9-13b). A combination of the two devices 
provides complete thermal protection (Figure 9-13c). 

The National Electric Code requires that an overload 
device be used in each phase of a motor “unless pro- 
tected by other approved means." This requirement is 
necessary because single phasing (opening one supply 
lead) in the primary of a delta-wye transformer that 
supplies a motor will produce three-phase motor cur- 
rents in a 2:1:1 relationship. If the two units of current 
appeared in a phase with no overload device, the motor 
would be unprotected. Thus, the NEC requires three 
overload devices, or two overload devices and another, 
to detect unbalance such as a CM or MPR relay. 
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Figure 9-13 Typical motor and relay time current 
characteristics. 


6. THERMAL RELAYS 


There are two types of thermal relays. The DT-3, MPR, 
and PRO*STAR operate from one or more resistance 
temperature detectors (RTDs) that monitor the tem- 
perature in the machine windings, motor or load bear- 
ings, or load case. They are usually applied only to large 
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motors, usually 1500 hp and above, where RTDs are 
available. 

The RTD is an excellent indicator of average winding 
temperature. It is influenced by the effects of ambient 
temperature, ventilation variations, and recent loading 
history. 

Replica-type thermal overcurrent relay protection can 
be obtained from relays such as the BL-1, MPR, 
PRO*STAR, and IMPRS, where RTDs are not avail- 
able. The temperature within the motor is replicated 
directly from the current drawn by the machine. 


6.1 RTD-Input-Type Relays 


Several RTD types are available for use in temperature 
monitoring: 


10 О copper 
100 О nickel 
120 О nickel 
100 2 platinum 


Microprocessor-based motor protection relays typically 
use three-wire input RTDs. The RTD has a well-de- 
fined ohmic characteristic vs. temperature. Accurate 
detection of the resistance of an RTD requires that the 
lead resistance be subtracted from the total resistance 
measured by the relay. One scheme used by the MPR 
circulates a precision current out the X terminal, through 
the RTD, and returns to terminal Z via the return lead 
(Figure 9-14). The following equation results: 


Ух» = Rigaplcc + Rearplee + RrgAplec 
where 


БК, ьАр = resistance of the leads to the RTD 
Icc = constant current source 
resistance of the RTD 


Reip 


It next circulates this same current through the Y ter- 
minal and return path to Z, to obtain 


Vyz = Кувдрісс + Rigaplec 


MPR 


Figure 9-14 MPR 3 wire RTD input. 
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By subtracting Vyz from Ух», the relay obtains 


Урыла = Vxz — Vyz = Қатыісс 
Rurp = УрвгтаЙсс 


Тһе error associated with the resistance of the leads is 
removed and translations from resistance to tempera- 
ture can be performed by the microprocessor relay using 
setting data stored in nonvolatile RAM or EEPROM 
that relates to the physical properties of the particular 
material used by the RTD. 

The DT-3 is a bridge-tvpe relay. The exploring coils 
form part of a Wheatstone Bridge circuit. which is bal- 
anced at a given temperature. As the motor tempera- 
ture increases above the balance temperature. operat- 
ing torque is produced (Figure 9-15). With the DT-3 
relay. only one resistance temperature detector (RTD) 
(10 О, 100 Q, or 120 О) or exploring coil is required. 

The DT-3 relay is a d'Arsonval-type dc contact-mak- 
ing milliammeter that is connected across the bridge. 
The bridge is energized by either 125 or 250 Vdc or 
supplied with 120 Vac through a transformer and full- 
wave bridge rectifier in the relay. The relay scale is 
calibrated from either 50 to 190°C (or 100 to 160°). The 
right- or left-hand contacts close when the temperature 
rises or falls to the preset value between 50 and 190°C 
(or 100 to 160*C). The normal setting for class B ma- 
chines is 120°C. 

No current-responsive relay can protect a motor sub- 
jected to blocked ventilation. Relays using RTD inputs 
for thermal protection overcome this shortcoming by 
responding to temperature alone. 


6.2 Thermal Replica Relays 


Керіса-гуре relays (BL-1 and, additionally, the IMPRS, 
MPR and PRO*STAR) are designed to replicate, within 





Resistance Temperature Detector in Machine Windings 


Figure 9-15 Typical schematic of the type DT-3 relay (49) 
for motor overload protection. (Its advantages are good pro- 
tection for overload, blocked ventilation, and high ambient 
temperature operation.) 
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the relay operating unit, the heating characteristics of 
the machine. Thus, when current from the current 
transformer secondary passes through the relay, its time- 
overcurrent characteristic approximately parallels that 
of the machine capability curve at moderate overload. 

Extreme variations in load, such as jogging, produce 
a difficult relaying problem. In general, electrome- 
chanical thermal replica relays coo! at a different rate 
from the motor they protect. Variations in load may 
produce a ratcheting effect on the relay and cause pre- 
mature tripping. Microprocessor motor protection re- 
lays typically acknowledge previous loading history 
through the use of an RTD input, which establishes a 
starting level. 

The thermal replica relay is recommended when 
embedded temperature detectors are not available, al- 
though RTD-input-type relays are recommended when 
they are. Replica-type relays are typically temperature- 
compensated and operate in a fixed time at a given 
current, regardless of relay ambient variations. Al- 
though this characteristic is desirable for the stated con- 
ditions, it produces underprotection for high motor am- 
bient and overprotection for low motor ambient. 


7. LOW-VOLTAGE PROTECTION 


Low voltage prevents motors from reaching rated speed 
on starting, or causes them to lose speed and draw heavy 
overloads. An equation of the average accelerating mo- 
tor torque is directly related to the voltage present 


Ta = [(E/EgYT,] - Тү 
where 


Ең = rated motor voltage 

E = voltage available at motor bus 
Ті = load torque 
Tm = rated voltage motor torque 
ТА = average accelerating torque 


It can be seen that the voltage available to the motor 
significantly affects the accelerating torque of the motor. 

Motors should be disconnected when severe low- 
voltage conditions persist for more than a few seconds. 
Ac contactors, which generally release at 50 to 70% of 
rated voltage, provide some low-voltage protection. 
However, time-delayed undervoltage protection is pre- 
ferred, since it delays contactor release on momentary 
voltage dips. For switch-gear applications, the CV (27), 
CP (27/47), or CVQ (27/47) relays will accurately detect 
undervoltage and initiate a trip or an alarm, as required. 


8. PHASE-ROTATION PROTECTION 


When starting in reverse can be a serious hazard, a 
reverse-phase relay, such as the MPR, PRO*STAR (47), 
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CP (27/47), or CVQ (27/47), should be applied. The 
MPR relay detects the reverse rotation by examining 
the sequence of the positive-going current in the three 
phases. Detection of an ACB sequence of the currents 
causes a relay trip output. The PRO*STAR provides 
an instantaneous negative sequence overvoltage func- 
tion. It allows tripping when the negative sequence volt- 
age is greater than the positive sequence voltage. The 
induction-type relays close their back contacts with ab- 
normal phase sequence voltages. The low-voltage con- 
tacts, which close by spring action, are the trip contacts. 
If the phase rotation is correct and all three voltages 
are present, the low-voltage contact opens and remains 
open. If the applied voltages are sufficiently unbal- 
anced, the relays will operate. The voltage relays pre- 
vent motor energization, whereas the current relays re- 
quire that the motor be energized and then tripped 
when reverse-phase sequence exists. 


9. NEGATIVE SEQUENCE VOLTAGE 
PROTECTION 


The CVQ (27/47) relay contains a negative sequence 
voltage unit that operates as shown in Figure 9-16. A 
negative sequence voltage network, as described in 
Chapter 3, energizes an induction-disk voltage unit V2. 
If a three-phase voltage applied to the relay contains 
5% (adjustable to 10%) negative sequence content or 
more, the negative sequence unit (V2) operates. A back 
contact of the negative sequence unit opens a CV-7 
undervoltage unit coil circuit, and after a time delay, 
the contacts of the undervoltage unit initiate tripping 
or sound an alarm. This relay operates for: 
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Figure 9-16 Simplified schematic diagram of the СУО 
(27/47) negative sequence voltage relay. 
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Reverse-phase rotation (100% negative sequence) 
Unbalanced voltage (partial negative sequence) 
Undervoltage (no negative sequence) 


The СУО relay is recommended for all important buses 
- supplying motor loads. 

Although the СУО relay can detect single phasing 
of the supply to even a single, lightly loaded large motor 
if its magnetizing impedance is low enough, it does not 
respond to single phasing between the point of appli- 
cation of the СУО and the motor. Figure 9-17 displavs 
two cases of an open phasing condition. The first case 
is an open phase at A. The resulting sequence network 
interconnections are shown. 

In this first case, the negative sequence voltage relay 
measures the voltage across the negative sequence 
impedance of the motor or motors. In the second case, 
the open phase occurs at B. Figure 9-17 shows the se- 
quence network interconnections. When the open is at 
location B, the relay now measures the negative se- 
quence voltage across the source. 

Very low negative sequence voltage is produced on 
the source side of the open phase, which makes it ex- 
tremely difficult for the negative sequence voltage relay 
to detect. For practical purposes, the voltage unbalance 
occurs only on the load side of an open phase. In gen- 
eral, a phase-unbalance current relay is preferred for 
detecting a feeder circuit open phase. 

Figure 9-18 illustrates one type of СУО relay that 
responds only to negative sequence voltage (not under- 
voltage). The six-cycle timer prevents operation for non- 
simultaneous pole closure of the supply breaker, 52-1. 


Z1s 





(a) Negative Sequence Voltage Relay Between Open Phase and Motor 
B 215 





(b) Negative Sequence Voltage Relay Between Source Phase and Open 
Phase 


Figure 9-17 Motor single phasing. 
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Figure 9-18 External schematic of the CVQ relay used 
for tripping on negative sequence voltage only. 


10. PHASE-UNBALANCE PROTECTION 


Phase-unbalance protection is applied to a feeder sup- 
plying a Jarge motor or group of small motors, where 
there is a possibility of one of the feeder phases opening 
as a result of a connector failure, fuse failure, or similar 
cause. The electromechanical type CM (46) relay, which 
contains two induction-disk units (Figure 9-19), or the 
microprocessor type relays, MPR, IMPRS, or 
PRO*STAR, are recommended for these applications. 
One unit in the CM relay balances I, against 1,, and 
the other balances I, against I.. When the currents be- 
come sufficiently unbalanced, torque is produced in one 
or both of the units, closing their contacts (which are 
connected in paralleli in the trip circuit). Тһе МРК can 
be set to pick up when 1, = 5 to 30% of the full-load 
tap setting and the IMPRS and PRO*STAR when I. = 
10 to 50% of the full-load tap setting. 

One relay can protect many motors subject to col- 
lective single phasing. In addition, a phase-unbalance 
relay may protect up to five motors subject to individual 
single phasing, depending on how the motors are op- 
erated and their relative sizes. For example. the relay 
will not operate if a motor with a rating of one-fifth of 
the total feeder load is subject to single phasing while 
unloaded and while the remaining motors are fully 
loaded. The CM relay has 7-A continuous capability 
and operates when the unbalance exceeds approxi- 
mately 10 to 15% between 2 and 7 A. With no current 
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Figure 9-19 The type CM phase unbalance relay (46). 


present in one current circuit and with 1 A in the other, 
the relay operates (on the 1 A tap). 


11. NEGATIVE SEQUENCE CURRENT RELAYS 


No standards have been established for the [51 short- 
time capability for a motor, although 1% = 40 is re- 
garded as a conservative value. (1, is the per unit ma- 
chine negative sequence current, t the time in seconds.) 

The СОО (46) relay, designed to protect generators 
against prolonged contribution to external unbalanced 
faults, provides the same protection for motors. How- 
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Figure 9-20 KLF used for motor loss of field detection. 
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Figure 9-21 CW watt relay used for out-of-step detection. 


ever, prolonged load current imbalance, caused by an 
open-phase or unbalanced supply voltage, represents a 
more serious hazard for motors. The СОО is not rec- 
ommended for use to limit heating caused by unbal- 
anced current flow. A motor protected by a COQ relay 
may be damaged if the negative sequence current is less 
than 0.6 of tap value (the minimum operating level of 
the COQ). For protecting motors against unbalanced 
currents, the CM, MPR, IMPRS, or PRO*STAR relay 
is preferred over the РОО or COO relay. 


12. JAM PROTECTION 


A motor can experience excessive torque and overcur- 
rent in response to a jam condition that can be caused 
by a binding action of the motor, bearings, or driven 
load. To detect a jam condition, the relay has to screen 
out other possibilities. The motor contribution to a nearby 
fault, which can last for a few cycles, can be screened 
out by setting the jam time delay greater than the motor 
fault contribution time. High current is not recognized 
as a jam condition unless the motor has been up to 
speed, determined by a current in excess of 20% of full 
load persisting for at least twice the locked-rotor time 
setting. The MPR relay has this feature that can be set 








Motor Protection 


141 


Table 9-2 Typical Protection for Motors Below 1500 HP (Figure 9-22) 





Device number Quantity Description 


Typical setting 


Remarks 





19 50 1 BL-1.2 unit with 2 ІТ. 


Set at full load for motor with 


Good overload protection. 


1.15 service factor and 90% 
of full load for 1.00 service 
factor motor. IT set 2 times 
locked rotor. 


51/50 1 CO-5, 1-12 A; with IIT 
10-40 A. 
CO-11, 4-12 A with IIT 
10-40 A. 
rotor. 
50G 1 ITH, 0.25-0.50 A single 0.25 A. 
unit. 
47/27 1 CVQ, 5 to 10% У, 
sensitivity, 55-to-140-V 
range. 
51N/50N 1 СО-11, 0.5-2.5 А; with 
(Alternate to IIT 10-40 А. 
50G where 
BYZ cannot 


be applied) 


Current setting 1/2 locked 
rotor. Time delay set to give 
operating time > starting 
time. IT set 2 times locked 


Low voltage 75% to 80%. 
V, = 5%. 


Pickup 0.5 A, time 0.1 sec at 
IT setting. IT set 4 x Ir. 


Locked-rotor protection when 
starting time 20 to 70 sec. 
Locked-rotor protection when 

starting time = 20 sec. 


For use with 50 5 BYZ. 


Undervoltage. phase sequence. and 
unbalanced voltage protection. 


Provides ground protection. Time 
unit overrides false residual 
during starting. 





for 0.7 to 12 times full-load current and a time delay 
setting of 1 to 10 sec. 


13. LOAD LOSS PROTECTION 


The sudden reduction of shaft load is referred to as load 
loss, which can be caused by a shaft breakage. loss of 
prime on a pump, or the shearing of a drive pin. To 
minimize any damage to the driven load, the motor 
should immediately be taken off line. Detection of load 
loss requires the recognition of the difference between 
no load preceding the application of load and no load 
following the application of load. This feature is sup- 
plied in the MPR relay, but is not usable in applications 
where the motor can have its load removed without the 
motor being taken off line. 

The motor is presumed to be loaded if the motor 
current exceeds 20% of full-load current (an approxi- 
mation of exciting current) for more than twice the 
locked-rotor time. If current drops to a value between 
20% of full-load current and the minimum load setting. 
for a time exceeding the load loss delay setting, the 
relay will operate. If the motor had been removed from 
the line, the current immediately would have dropped 
to 0 and no tripping would have taken place. 


14. OUT-OF-STEP PROTECTION 


Out-of-step protection is applied to synchronous motors 
and synchronous condensers to detect pullout resulting 
from excessive shaft load or too low supply voltage. 


Other causes of pullout result from a fault occurring on 
the supply system. whereby the fault type. clearing time. 
and location are factors relating to the stability of the 
motor. Underexcitation caused bv incorrect field breaker 
trip or a short or open in the field circuit can also result 
in loss of svnchronism of the motor. For a discussion 
of the out-of-step protection ot large motors. refer to 
Chapter 8 on generator protection. 

Small synchronous motors with brush-type exciters 
are often protected against out-of-step (or loss-of- 
excitation) operation Ву ac voltage detection devices 
connected in the field. No ac voltage is present when 
the motor is operating synchronously. 


15. LOSS OF EXCITATION 


Synchronous motors can be protected against loss of 
excitation by a low-set undercurrent relay connected in 
the field. This relay should have a time delay on drop- 
out to trip or alarm the operator. The KLF (or KLF-1) 
relay (40) (described in Chapter 8) can also be used to 
protect large motors against loss of field. The under- 
voltage units of these relays should have their contacts 
shorted. Loss of excitation of a synchronous motor does 
not usually depress the voltage enough to operate re- 
liably an undervoltage unit. 

Unlike undercurrent relays, the KLF (or KLF-1) re- 
lay can detect both partial and complete loss of field, 
and some out-of-step conditions as well (Figure 9-20). 

Both out-of-step and loss-of-excitation conditions can 
be detected with a CW watt-type relay (55), connected 
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Note: Phase ct's should be approximately 150% of full load. 


f If device 27/47 is not provided, then three device 49 units 


are required. 


® Represents the quantity of devices required. 


Figure 9-22 Motor protection below 1500 HP. 


for 0 torque when the current lags the voltage by an 
appropriate power factor angle, such as 30°. Used in 
this way, the CW is referred to as a power factor relay. 
The connection shown in Figure 9-21 gives maximum 
contact closing torque when the current lags its unity 
power factor position by 120°. 


16. TYPICAL APPLICATION COMBINATIONS 


Table 9-2 and the associated Figures 9-22 and 9-23 show 
typical application combinations for motor protection. 
Table 9-3 lists the combined protection functions that 
can are available by using a microprocessor-based mo- 
tor protection relay. 
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Note: а) Phase ct’s should be approximately 150% of full load. 


b) The MPR, PROxSTAR and IMPRS are microprocessor ге- 
lays containing several functions. 


1 Alternate to BYZ scheme. BYZ scheme is preferred. 
Ø Must apply CVQ or 60Q when Device 46 is omitted. 
А Applied оп brushless synchronous motors. 


® Represents the quantity of devices required. 


Figure 9-23 Motor protection 1500 HP and above. 
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Table 9-3 Typical Protection for Motors of 1500 HP and Up (Figure 9-23) 





Device number Quantity Description Typical setting Remarks 

49 1 DT-3, 50-190%С, specify Set for motor max safe Overload protection: Blocked 
ohms of RTD 120 vac. operating temperature. ventilation or high ambient. 

51 1 CO-S, 1-12 A. Current setting 1/2 Locked-rotor protection when 

locked rotor. starting time is 20 to 70 sec. 

CO-11, 4-12 A. Time delay setting to Locked-rotor protection when 
give operating time > starting time = 20 sec. 
starting time. 

50 i SC, 2 unit, 20-80 A. Set 2 times locked rotor. Fault protection. 

50G 1 ITH, 0.25-0.5 A single 0.25 A. For use with 50/5 BYZ. 
unit. 

46 1 CM, 1-3 A. For Ij = ЗА: Set 2A. Unbalanced current protection. 

For lj. < ЗА: Set 1A. 

47/27 1 CVQ, 5 to 10% V, Low voltage 7596 to Undervoltage, phase sequence, and 
sensitivity, 55-to-140-V 80%, V, - 5%. unbalanced voltage protection. 
range. Note: CP volt relay can be used 

in place of CVQ if all three- 
phase motors on bus are 
protected by CM relays. 

876 1 ТІН. 0.25-0.5 А. 3 unit. 0.25 А. Provides phase and ground 
protection. Use three 50:5 BYZ 
transformers. 50G still required 
for cable protection if BYZ at 
motor. 

87 3 CA, 10%. None. Phase-fault protection. 

(Alternate to 50 and 

87ф--ичве where 
minimum 36 fault 
current available 
is less than five 
times motor 
starting current 
and 874 cannot 
be used) 

51N/50N 1 CO-11, 0.5 to 2.5 А, Pickup 0.5 A, time 0.1 Provides ground protection. 

(Alternate to 50G with ПТ 10-40 А. sec. at IT setting. ІТ 

where BYZ set 4 times full load. 
cannot be 


applied) 
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Transformer and Reactor Protection 


H. J. Li 


1. INTRODUCTION 


Differential relays are the principal form of fault pro- 
tection for transformers rated at 10 MVA and above. 
These relays, however, cannot be as sensitive as the 
differential relays used for generator protection. 

Transformer differential relays are subject to several 
factors, not ordinarily present for generators or buses, 
that can cause misoperation: 


Different voltage levels, including taps. that result in 
different primary currents in the connecting circuits. 

Possible mismatch of ratios among different current 
transformers. For units with ratio-changing taps. mis- 
match can also occur on the taps. Current trans- 
former performance is different, particularly at high 
currents. 

30% phase-angle shift introduced by transformer wye- 
delta connections. 

Magnetizing inrush currents, which the differential re- 
lay sees as internal faults. 


Transformer protection is further complicated by a 
variety of equipment requiring special attention: mul- 
tiple-winding transformer banks, zig-zag transformers, 
phase-angle regulators (PAR), voltage regulators, 
transformers in unit systems, and three-phase trans- 
former banks with single-phase units. 

АП the above factors can be accommodated by the 
combination of relay and current transformer design, 
along with proper application and connections. Mag- 
netizing inrush, the most significant variable in trans- 
former protection, will be discussed first. 


2. MAGNETIZING INRUSH 


When a transformer is first energized, a transient mag- 
netizing or exciting inrush current may flow. This inrush 
current, which appears as an internal fault to the dif- 
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ferentially connected relays, may reach instantaneous 
peaks of 8 to 30 times those for full load. 

The factors controlling the duration and magnitude 
of the magnetizing inrush are: 


Size and location of the transformer bank 

Size of the power system 

Resistance in the power system from the source to the 
transformer bank 

Tvpe of iron used in the transformer core and its sat- 
uration density 

Prior history. or residual flux level. of the bank 

How the bank is energized 


2.1 Initial Inrush 


When the excitation of a transformer bank is removed, 
the magnetizing current goes to 0. The flux, following 
the hysteresis loop. then falls to some residual value bp 
(Figure 10-1). If the transformer were reenergized at 
the instant the voltage waveform corresponds to the 
residual magnetic density within the core, there would 
be a smooth continuation of the previous operation with 
no magnetic transient (Figure 10-1). In practice, how- 
ever, the instant when switching takes place cannot be 
controlled and a magnetizing transient is practically 
unavoidable. 

In Figure 10-2, it is assumed that the circuit is re- 
energized at the instant the flux would normally be at 
its negative maximum value ( — pmax). At this point. the 
residual flux would have a positive value. Since mag- 
netic flux can neither be created nor destroved instantly, 
the flux wave, instead of starting at its normal value 
(= max) and rising along the dotted line. will start with 
the residual value (фр) and trance the curve (ф,). 

Curve ф, is a displaced sinusoid. regardless of the 
magnetic circuit's saturation characteristics. Theoreti- 
cally, the value of dmax is + (lbp! + 2 |6,,,,]). In trans- 
formers designed for some normal, economical satu- 
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Figure 10-1  Magnetizing current when transformers were 
reenergized at that instant of the voltage wave corresponding 
to the residual magnetic density within the core. 


ration density os, the crest of ф,, will produce super 
saturation in the magnetic circuit. The result will be a 
very large crest value in the magnetizing current 
(Figure 10-2). 

The residual flux Фр is the flux remaining in the core 
after the voltage is removed from the transformer bank. 
The flux will decrease along the hysteresis loop to a 
value of bp, where i = 0. Because the flux in each of 
the three phases is 120° apart, one phase will have a 
positive bp and the other two a negative — dp, or vice 
versa. As a result, the residual flux may either add to 
or subtract from the total flux, increasing or decreasing 
the inrush current. 

A typical inrush current wave is shown in Figure 
10-3. For the first few cycles, the inrush current decays 
rapidly. Then, however, the current subsides very slowly, 
sometimes taking many seconds if the resistance is low. 





Transformer Transformer 
Deenergized Reenergized 
at This Point at This Point 


Figure 10-2  Magnetizing current when transformers were 
reenergized at the instant when the flux would normally be 
at its negative maximum value. 


Chapter 10 







Inrush Current 


Applied Voltage 








Figure 10-3 A typical magnetizing inrush current wave. 


The time constant of the circuit (L/R) is not, in fact. 
aconstant: L varies as a result of transformer saturation. 
During the first few cycles, saturation is high and L 1s 
low. As the losses damp the circuit, the saturation drops 
and L increases. According to а 1951 AIEE report, time 
constants for inrush vary from 10 cycles for small units 
to as much as 1 min for large units. 

The resistance from the source to the bank deter- 
mines the damping of the current wave. Banks near a 
generator will have a longer inrush because the resist- 
ance is very low. Likewise, large transformer units tenc 
to have a long inrush as they represent a large L relative 
to the system resistance. At remote substations, the 
inrush will not be nearly so severe, since the resistance 
in the connecting line will quickly damp the current. 

In addition to the conditions that influence single- 
phase inrush, the wave shape of the inrush current into 
a delta winding is influenced by the number of cores 
affected and the vector sum of the currents from the 
bank windings. The net wave could, in fact, become 
oscillatory (Figure 10-4). The shape of a polyphase or 
single-phase inrush to a delta winding is affected by the 
nature of the line current itself, which is the vector sum 
of two currents from the bank windings. If we assume 
that only one core has saturated, the nature of the line 
current can result in either oscillatory waves or distor- 
tion of the single-phase shape. 

When there is more than one delta winding on à 
transformer bank, the inrush will be influenced by the 
coupling between the different voltage windings. De- 
pending on the core construction, three-phase trans- 
former units may be subject to interphase coupling tha: 
could also affect the inrush current. 

Similar wave shapes would be encountered when en- 
ergizing the wye winding of a wye-delta bank, or an 


A AAA 








Figure 10-4 Typical magnetizing inrush current wave that 
can exist in one of the phases to a delta connection or in the 
secondary of delta connected current transformers. 
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Table 10-1 Typical Inrush Current Calculation 
isse Peak value of inrush current wave (p.u.) 
Ф; angle I, I, І. L-l, L-IL 14, 


1.40 0° 5.60 -373 -373 833 -373 -8.33 
1.40 30° 510 —187 -5.10 5.6 510 -920 
1:19 0^ 6.53 -4.67 -4.67 10.20 -4.67 —10.20 
1.15 30° 6.03 -2.80 -6.03 7.83 6.03 ~11.06 








autotransformer. Here, the single-phase shape would 
be distorted as a result of the interphase coupling pro- 
duced by the delta winding (or tertiary). 

Maximum inrush will not, of course, occur on every 
energization. The probability of energizing at the worst 
condition is relatively low. Energizing at maximum volt- 
age will not produce an inrush with no residual. In a 
three-phase bank, the inrush in each phase will vary 
appreciably. 

The maximum inrush for a transformer bank can be 
calculated from the excitation curve if available, and 
Table 10-1 shows a typical calculation of an inrush cur- 
rent (used phase A voltage as 0° reference). 

From these calculated values it can be seen that: 


The lower the value of the saturation density flux os, 
the higher the inrush peak value. 

The maximum phase-current inrush occurs at the 0° 
closing angle (i.e., 0 voltage). 

The maximum line-current inrush occurs at + 30° clos- 
ing angles. 


Because of the delta connection of transformer winding 
or current transformers, the maximum line-current in- 
rush value should be considered when applying current 
to the differential relay. 


2.2 Recovery Inrush 


An inrush can also occur after a fault external to the 
bank is cleared and the voltage returns to normal (Fig- 
ure 10-5). Since the transformer is partially energized, 
the recovery inrush is always less than the initial inrush. 
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Inrush After Breoker C 


Tripped And Voltage Recovers External Fault 


Trip Breaker C 


Figure 10-5 Recovery inrush after an external fault is 
cleared. 
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2.3 Sympathetic Inrush 


When a bank is paralleled with a second energized bank. 
the energized bank can experience a sympathetic in- 
rush. The offset inrush current of the bank being en- 
ergized will find a parallel path in the energized bank. 
The dc component may saturate the transformer iron, 
creating an apparent inrush. The magnitude of this in- 
rush depends on the value of the transformer impedance 
relative to that of the rest of the system, which forms 
an additional parallel circuit. Again. the sympathetic 
inrush will always be less than the initial inrush. 

As shown in Figure 10-6. the total current at breaker 
C is the sum of the initial inrush of bank A and the 
sympathetic inrush of bank B. Since this waveform looks 
like an offset fault current. it could cause misoperation 
if a common set of harmonic restraint differential relays 
were used for both banks. 

Unit-type generator and transformer combinations 
have no initial inrush problem because the unit is brought 
up to full voltage gradually. Recovery and sympathetic 
inrush may be a problem, but as indicated above, these 
conditions are less severe than initial inrush. 


3. DIFFERENTIAL RELAYING FOR 
TRANSFORMER PROTECTION 


Since the differential relavs see the inrush current as 
an internal fault. some method of distinguishing be- 
tween fault and inrush current is necessary. Such meth- 
ods include: 


A differential relay with reduced sensitivity to the in- 
rush wave (such units have a higher pickup for the 
offset wave, plus time delay to override the high 
initial peaks), such as types of CA and СА-26 trans- 
former differential relays 

A harmonic restraint or a supervisory unit used in con- 
junction with the differential relay, such as types of 
HU, HU-1, HU-4, and RADSB transformer differ- 
ential relays 
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Figure 10-6 Sympathetic inrush when a bank is paralleled 


with a second energized bank. 
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Desensitization of the differential relay during bank 
energization. 


3.1 Differential Relays for Transformer 
Protection 


3.1.1 CA (87) Transformer Differential Relay 


Induction relays such as the type CA transformer dif- 
ferential relays are relatively insensitive to the high per- 
centage of harmonics contained in magnetizing inrush 
current. This lack of sensitivity, together with an op- 
erating time of about five to six cycles, make the CA 
relay appropriate for many transformer applications. 
The CA relays will only operate on inrush currents in 
extreme cases, such as a large transformer adjacent to 
a large generating source. Type CA relays can be used 
with two-winding transformer banks if the magnetizing 
inrush is not severe. 

The CA relay consists of a percentage differential 
unit and an indication contactor switch. The percentage 
differential unit, an induction disc type, has an electro- 
magnet with poles above and below the disc (Figure 10- 
7). There are two restraint coils on the lower left-hand 
pole; the operating coil is wound on the lower right- 
hand pole. Both the left- and right-hand poles have 
transformer winding, connected in parallel to supply 
current to the upper-pole windings. 

The upper-pole current generates a flux in quadra- 
ture with the lower-pole resultant flux, and the two 
fluxes react to produce a torque on the disc. Under 
normal load or in external fault, the currents in the two 
restraint windings flow in the same direction. These 
restraining currents are equal (or effectively equal) if 















Restraint Winding 
Continuous 10Amp 


Operating 
Winding 
Continuous 


Restraint Winding Rating 5Атр 


Continuous 10Amp 


Figure 10-7 Type CA transformer differential relay. 
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Figure 10-8 Distribution of currents in the type CA relay 
set on the 5~10 taps. 


auto-balance taps are used to compensate from mis- 
match in current transformer ratios—and if no signif- 
icant current flows in the operating coil winding (Fig- 
ures 10-8 and 10-9). As a result, only contact-opening 
torque is produced. If the taps are mismatched or the 
main current transformers saturate unequally on severe 
external faults, the effective difference between the cur- 
rents in the two restraining windings must flow in the 
operating coil. 

The operating coil current required to overcome the 
restraining torque and close the relay contacts is a func- 
tion of the restraining current. For an internal fault, the 
restraining currents are opposite, and restraining torque 
tends to cancel out. The more sensitive operating coil, 
however, is energized by the sum of the two currents. 
As a result, a large amount of contact-closing torque is 
produced. 

The CA transformer relay is similar to the CA gen- 
erator relay. It differs from the generator type in having 
a fixed 50% unbalance characteristic, a minimum trip 
current of 2.75 A, and taps that permit a 2:1 difference 
in the ratio of the main current transformer outputs. 
The taps are 5-5, 5-5.5, 5-6.6, 5-7.3, 5-8, 5-9, and 5-10. 
The 5-10 tap is used when the ratios would allow the 
relay to balance on a through current with 5 and 10 A. 
In this case, the current distribution is as shown in Fig- 


— 6.52 | —» 4.18 


Figure 10-9 Distribution of currents in the type CA relay 
set on the 5-8 tap for example of Figure 10-14. | 
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ure 10-8. Current distribution with the 5-8 tap is illus- 
trated in Figure 10-9. In all cases, the net ampere turns 
in the operating winding cancel, producing no operating 
torque for external faults and loads. 

In applying the relay, the current transformer ratio 
error should not exceed 10% during maximum sym- 
metrical external fault current. The relay’s 50% char- 
acteristic satisfactorily handles up to 35% of current 
mismatch, including the transformer tap changing on 
load and current transformer mismatch. 

The relay’s restraining windings have a continuous 
rating of 10 A; the operating winding has a continuous 
rating of 5 A. To prevent overloading the operating 
winding, however, no more than 5 A should be allowed 
in the untapped restraining winding. Although a current 
of 10 and 6.85 A, for example, would have the proper 
ratio for the 5 to 7.3 taps, 6.85 A would flow in a portion 
of the 5-A operating coil if these taps were used. 


3.1.2 СА-26 (87) Transformer Differential Relay 


CA-26 relays have a variable-percentage characteristic: 
Percentage is low on light faults, where the current 
transformer performance is good, and high on heavy 
faults, where current transformer saturation may occur. 
The variable-percentage characteristic is obtained via 
the saturation transformer in the operating circuit. This 
transformer also tends to shunt the dc component away 
from the operating coil. 

Тһе CA-26 relay consists of an induction-tvpe dif- 
ferential unit, a dc-indicating contactor switch. and an 
optional ac-indicating instantaneous trip unit. The in- 
duction-type differential unit contains four electromag- 
nets, operating on two discs fastened to a common shaft 
(Figure 10-10a). Of the electromagnets, one is the op- 
erating element and the other three are restraint ele- 
ments. On the center leg of each restraint electromagnet 
are two primary coils and a secondary coil (Figure 10- 
10b); primary coils are energized from the secondaries 
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of the current transformers connected to the bank to 
be protected. 

A 5-A current in the restraint coil will produce re- 
straining torque. The same 5-A current flowing in two 
restraint coils of the same restraint electromagnet will 
have either additive or subtractive restraining effect, 
depending on the polarity of the connection (Figure 
10-10c). 

The CA-26 relay is well suited to protect transformer 
banks not subject to severe magnetizing inrush, partic- 
ularly if more than two restraining circuits are needed. 
The relay has no built-in taps and generally requires 
auxiliary current transformers for current matching. The 
operating time of the differential unit is two to six cycles; 
no setting is required. 

The faster IIT unit is connected to the differential 
circuit. It is recommended for transformer protection 
in applications where internal fault current can exceed 
twice the maximum total current flowing through the 
differential zone for a symmetrical external fault. The 
IIT unit should be set at 50% external fault current or 
a value higher than transformer inrush current, which- 
ever is greater. 


3.1.8 HU and HU-1 Transformer Differential Relays 


Since magnetizing inrush current has a high harmonic 
content. particularly the second harmonic. this second 
harmonic can be used to restrain and thus desensitize 
a relay during energization. The method of harmonic 
restraint is not without its problems. There must be 
enough restraint to avoid relay operation on inrush, 
without making the relay insensitive to internal faults 
that тау also have some harmonic content. 

The HU (two restraining winding) and HU-1 (three 
restraining winding) variable-percentage differential re- 
lays have second-harmonic restraint supervision that 
adequately solves these problems. The connections for 
these relays are shown schematically in Figure 10-11. 
In the differential unit, (DU) air-gap transformers feed 


R + R + 
--»СА = R + 
R + --» 10A 
R 5 4--5А 
+ R + 
T op R — sa = RA — 
—————— R + —» 0A 
['_ тт тс <— 5A 


a) 4- Electromagnets Operating 
on Two Discs Which are 
Fastened to The Same Shaft. 


b) Each Restraint Electromagnet 
With 2 Primary Coils and a 
Secondary Coil on its Center Leg 


c) Additive or Subtractive 
Restraining Effect Produced 
by Two Coils on Same Leg. 


(Secondary Coil not Shown). 


Figure 10-10 Type CA-26 transformer differential relay. 
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Figure 10-11 Schematic connections of the HU and HU-1 variable percentage differential relays with second harmonic 


restraint supervision. 


the restraint circuits, and a non-air-gap transformer en- 
ergizes the operating coil circuit. Since the rectified 
restraint outputs are connected in parallel, the relay 
restraint is proportional to the maximum restraining 
current in any restraint circuit. 


The percentage characteristic varies from around 20% 
on light faults, where current transformer performance 
is good, to approximately 60% on heavy fault, where 
current transformer saturation may occur. This varia- 
ble-percentage characteristic is obtained via the satu- 
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rating transformer in the operating coil circuit. Taps 
provide a 3:1 difference in the ratio of the main current 
transformer outputs. These taps are 2.9, 3.2, 3.5, 3.8, 
4.2. 4.6, 5.0, and 8.7. 

The minimum pickup current is 3096 of the tap value 
tor the 3046 sensitivity relay and 3596 of tap value for 
the 35% sensitivity relay. The minimum pickup is the 
current that will just close the differential unit contacts, 
with the operating coil and one restraint coil energized. 
The continuous rating of the relay is 10 to 22 A, de- 
pending on the relay tap used. 

The harmonic restraint unit (HRU) has a second- 
harmonic blocking filter in the operating coil circuit and 
a second-harmonic pass filter in the restraint coil circuit. 
Thus, the predominant second-harmonic characteristic 
of an inrush current produces ample restraint with min- 
imum operating energy. The circuit is designed to hold 
open its contacts when the second-harmonic component 
is higher than 1546 of the fundamental. This degree of 
restraint in the HRU is adequate to prevent relay op- 
eration on practically all inrushes, even if the differ- 
ential unit should operate. 

For internal faults, ample operating energy is pro- 
duced by the fundamental frequency and harmonic other 
than the second. The second harmonic is at a minimum 
during a fault. Since the HRU will operate at the same 
pickup as the DU, the differential unit will operate 
sensitively on internal faults, as shown in the trip circuit 
of Figure 10-11. For external faults, the differential unit 
(DU) will restrain. 

The relay operating time is one cycle at 20 times tap 
value. The instantaneous trip unit (IIT) is included to 
ensure high-speed operation on heavy internal faults, 
where current transformer saturation may delay HRU 
contact closing. The IIT pickup is 10 times the relay 
tap value. This setting will override the inrush peaks 
and maximum false differential current on external faults. 


3.1.4 HU-4 Transformer Differential Relay 


The HU-4 relay is used to protect multiple-winding 
transformer banks, or in the protective zone that in- 
cludes the bus. The HU-4 relay is similar to the HU 
and HU-1 relays, but has four restraint windings. Also, 
the rectified outputs of the restraint transformers are 
connected in series, and the IIT unit is set at 15 times 
the tap value. The application of this relay is described 
in Chapter 11. 


3.1.5 Modified HU Relays 


In the HU relay, the 15% second-harmonic restraint 
value is based on a minimum second-harmonic content 
15% of fundamental, under an inrush condition of ф; = 
1.40 p.u. and a 0? closing angle. In modern trans- 
formers, however, saturation density is more often 1.20 
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to 1.30 p.u. and can even be as low as 1.0 p.u. At these 
lower saturation densities, the minimum second-harmonic 
content of the fundamental is significantly lower. Also, 
service conditions are more severe when the closing 
angle is +30°, rather than 0°. (See Table 10-1.) 

As a result, the second-harmonic content percentage 
may be as low as 7% of the fundamental, and the per- 
centage of all harmonics may be as low as 7.5% of the 
fundamental. Under these conditions, the 1596 second- 
harmonic restraint relays may not function properly 
during the energization of power transformers with low- 
saturation densitv values. 

The modified HU relay is designed to solve this prob- 
lem. This relay is similar to the 15% second-harmonic 
HU relay, except that a 33-0. 3-W resistor is connected 
across the HRU unit operating coil to calibrate the unit 
for a 7.5% second-harmonic restraint. The character- 
istics of the modified HU are the same as for the HU 
relay, and the modification does not affect the char- 
acteristics of the IIT unit. The differential unit of the 
modified relay, however, is about one cycle slower than 
the unmodified unit. 

Ths modified HU relay has been used successfully 
in inrush current tests at a 138-kV generating station 
and in several installations where the 15% HU relays 
experience inrush problems. 


3.1.6 Type RADSB Transformer Differential Relay 


The type RADSB transformer differential relay is a 
solid-state three-phase package. Its basic version pro- 
vides two restraining circuits for two winding power 
transformer protection. It can be expanded up to six 
restraints initially or in the future. 

As shown in Figure 10-12, the relay utilizes the sec- 
ond harmonic for inrush current restraint. The relay 
will restrain if the second harmonic content in any one 
phase is greater than 17% of its fundamental. This fea- 
ture is very unique in three-phase package design. It 
will solve the inrush current problem mentioned in Sec- 
tion 3.1.5, "Modified HU Relays." 

The relay utilizes the fifth harmonic for the over- 
excitation restraint. The relay restrains if the fifth-har- 
monic content is greater than 38% of its fundamental. 
However, refer to Section 5.5, ““Overexcitation Pro- 
tection of a Generator-Transformer Unit," in this chap- 
ter. It is necessary to apply the fifth harmonic with 
caution, or a V/Hz relay, either type MVH or RATUB, 
should be considered for supervision. 

The relay does not provide built-in taps; therefore, 
it requires external auxiliary ct’s for current matching 
in all applications. Instantaneous high set trip function 
is also built in the relay. 

For applications that required more than two restrain- 
ing circuits, the RTOTB-061 unit(s) can be added. Each 
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КТОТВ-061 unit contains six transformers for two addi- 
tional restraining circuits, as shown in Figure 10-12. 


3.2 General Guidelines for Transformer 
Differential Relaying Application 


The following guidelines are designed to assist in se- 
lecting and applying relays for transformer protection. 
When two or more relays appear to be equally suitable, 
engineering experience and economics will determine 
the final choice. 

l. There is no clear-cut answer to the question of 
which relay or protective method to apply. As a general 
rule, however, the induction-disk differential relays (CA 
and CA-26) are used at substations remote from large 
generating sources where inrush is not a problem and 
the kVA size of the bank is relatively small. The more 
complex and more expensive harmonic relays (HU, 
HU-1, HU-4, and RADSB) are used at generating sta- 
tions and for large transformer units located close to 
generating sources, where a severe inrush is highly likely. 

2. A current transformer tap that will give approx- 
imately 5 A at maximum load is recommended for use 
with multiratio current transformers. This arrangement 
provides good sensitivity without introducing thermal 
problems in the current transformer, leads. or relav 
itself. Sensitivity can be improved by using a tap that 
gives more than 5 A; however, the current transformer. 
leads, and relay capability must be checked carefully to 
guard against thermal overload. 

3. In general, the current transformers on the wye 
side of a wye-delta bank must be connected in delta, 
and the current transformers on the delta side con- 
nected in wye. This arrangement (1) compensates for 
the 30° phase-angle shift introduced by the wye-delta 
bank and (2) blocks the zero sequence current from the 
differential circuit on external ground faults. As shown 
in Figure 10-13, zero sequence current will flow in the 
differential circuit for external ground faults on the wye 
side of a grounded wye-delta bank; if the current trans- 
formers were connected in wye, the relays would mis- 
operate. With the current transformers connected in 
delta, the zero sequence current circulates inside the 
current transformers, preventing relay misoperation. 

4. Relays should be connected to receive “іп” and 
“ош” currents that are in phase for a balanced load 
condition. When there are more than two windings, all 
combinations must be considered, two at a time. 

5. Relay taps or auxiliary current transformer ratios 
should be as close as possible to the current ratios for 
a balanced maximum load condition. When there are 
more than two winding, all combinations must be con- 
sidered, two at a time, and based on the same kVA 
capacity. 
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а) | o Will Flow in The Differential Circuit if CT's are Connected in 
Wye Causing Misoperotion. DO NOT use This Connection. 


b) No Current Will Flow in The Differential Circuits if CT’s are 
Connected in Delta. This is The Recommended Connection. 


Figure 10-13 Reason for delta connected СТ on Wye 
windings. 


6. Only ground one point in the differential scheme, 
never do multiple-point grounding. 

7. After the current transformer ratios and relay taps 
have been selected. the continuous rating of relay wind- 
ings should be checked for compatibility with the trans- 
former load. If the relay current exceeds its continuous 
rating. a higher-current transformer ratio or relay tap 
may be required. The relay’s required continuous rating 
may be determined from the maximum kVA capacity 
of the transformer bank. If the transformer is allowed 
to exceed its maximum kVA capacity for a short time, 
the expected 2-h maximum load should be used. Тһе” 
relay will reach final temperature within 2 h. 

8. The percentage of current mismatch should al- 
ways be checked to ensure that the relay taps selected 
have an adequate safety margin. When necessary, cur- 
rent mismatch values can be reduced by changing cur- 
rent transformer taps or adding auxiliary current trans- 
formers. Percentage mismatch M can be determined 
from Equation (10-1) 


[ccs ФЕ 
(10-1) 


I, ly = relay input currents, at the same kVA base, 
for low (L)- and high (H)-voltage sides, 
respectively 


Ті, Ty = relay tap settings for low (L)- and high 
(H)-voltage sides. respectively 
S = the smaller of the two terms, (1/1) or 


(Т/Тн) 
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When there are тоге than two windings, all com- 
binations should be calculated, two at a time. When 
taps are changed under load, the relays should be set 
on the basis of the middle or neutral tap position. The 
total mismatch, including the automatic tap change, 
should not exceed the recommended values shown in 
Table 10-2. 

For example, for a transformer bank with a +10% 
on-load tap changer device, the calculated mismatch 
value should not be greater than +5% for a 30% HU 
relay application. However, if the transformer bank 
does not have an on-load tap changer, then the calcu- 
lated mismatch value can be tolerated up to the “limit 
of (M + LTC)” value. 

9. To ensure correct operation of the relaying scheme, 
the current transformer performance should be checked. 
A less accurate, but still acceptable, method is to use 
the ANSI relaying accuracy classification. For units with 
class C accuracy, performance will be adequate if 


NpVer = Чы - 100)Rs 


І. 





> Zy (10-2) 


where 


N, = proportion of total current transformer turns 
in use, for example, if 1000/5 tap is used for 
a 2000/5 MR current transformer, then N, = 

0.5 
Усі = current transformer accuracy, class С volt- 
age; for example, 200 for a class C200 current 


transformer 
қа = maximum external fault current, in secondary 
rms A (let IL, = 100 if maximum external 


fault current is less than 100 A) 

К; = current transformer secondary winding resis- 
tance, in ohms 

Zr = total current transformer secondary circuit 
burden impedance, in ohms determined by 
equation: 


Z4 = 1.13(m x Кү) + relay burden + Z4 (10-3) 


Table 10-2 Recommended Mismatch (M) Limitation 








Limit of 
Sensitivity (M + LTC) 
Relay (%) (%) 
CA 50 35 
HU, HU-1, HU-4 30 15 
HU, HU-1, HU-4 35 20 
CA-26, RADSB — 10 
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where 
R, - the one-way lead resistance 
1.13 - a multiplier used to accommodate tempera- 


ture rise of the conductors during faults 
Z4 = the burden impedance of any devices (other 
than the relay) connected or reflected to the 
current transformer secondary circuit 
a multiplier, depends on the current trans- 
former connection and type of fault to be 
considered, as shown in Table 10-3. 


z 
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4. SAMPLE CHECKS FOR APPLYING 
TRANSFORMER DIFFERENTIAL RELAYS 


The following examples show the importance of the 
current transformer connections, current ratios, relay 
ratings, and current transformer performance in apply- 
ing the differential relay scheme for transformer 
protection. 


4.1 Checks for Two-Winding Banks 


A work sheet for connecting differential relays around 
a two-winding bank is shown in Figure 10-14. 


4.1.1 Phasing Check 


It is very important to note that the transformer bank, 
as shown in Figure 10-14, is connected so that the high 
side lags the low side by 30°, which is not an ANSI- 
standard-connected bank. (In a standard connection, 
the high side leads the low side by 30°.) In this example, 
the nonstandard connection is used for illustration only. 
Practically, the actual connection of the bank should 
be confirmed with the information from its nameplate 
before proceeding to the next step of the phasing check. 

Procedures for phasing check can be simplified as 
below (refer to Figures 10-14 and 10-15). 


Step 1 Assume that L,, I;, and I, on the wye side flow 
through the bank to an external three-phase fault or 
maximum load. 


Step 2 See Figure 10-14; use the statement on page 
12 to define the current in the windings: ‘‘the current 
flowing out at the polarity-marked terminal on the sec- 
ondary side is substantially in phase with the current 
flowing in at the polarity-marked terminal on the pri- 
mary side." 


Table 10-3 Multiplier (m) for Equation (10-3) 











ЗфЕ ФСЕ 
Wye-connected ct m=1 m = 2 
Delta-connected ct m = 3 т = 2 
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Figure 10-14 Work sheet for connecting differential relays around a two-winding transformer bank. 


Step 3 Trace these currents through the delta to the 
delta-side phase wires, then through the wye-connected 
current transformers to the relays. 

Step 4 Repeat the above relay currents to the other- 
side restraint windings. 

Step 5 Trace the currents on the wye-winding phase 
wires; then determine the secondary currents (phase 
and direction) on each wye-side current transformer. 


Step 6 Match up the information from steps 4 and 5, 
enabling the wye-side current transformers to be prop- 
erly connected in delta for correct phasing under all 
conditions. The completed check for the example of 
Figure 10-14 is shown in Figure 10-15. 


4.1.2 Ratio Check 


For the example in Figure 10-14, the ratio check should 
be executed as shown in Table 10-4. The steps that 
tollow depend on the type relay being applied: CA 
(steps 7 to 10), CA-26 and RADSB (steps 11 to 13), 
or HU (steps 14 to 17): 


4.1.3 For Type CA Relays (Steps 7 to 10) 


For the application of CA relays, the tap settings, con- 
tinuous coil ratings, and mismatch must also be checked 
as described in steps 6 to 9. The taps in CA relays are 
5-5, 5-5.5, 5-6.6, 5-7.3, 5-8, 5-9, and 5-10. Tap ratios are 
1.00, 1.10, 1.32, 1.46, 1.60, 1.80, and 2.00, respectively. 


Step7 Select relay taps with a ratio as close as possible 
to the relav current ratio in step 5. In this case. tap 
5-8. with a ratio of 1.60. is the closest. 

Step 8 Connect relay terminal 9 to the 69-kV side and 
terminal 7 to the 11.5-kV side. Always set the time dial 
at position number 1. 

Step 9 Check the continuous rating of the relay coils. 
As shown in calculations, the continuous currents flow- 
ing in the restraint coils are less than 10 A, and any 
through currents flowing in the operating coil are less 
than 5 A. Therefore, the relay windings will not be 
subject to a thermal problem. 

Step 10 Calculate mismatch; use Equation (10-1). This 
mismatch is well within the 35% mismatch limit of 
Table 10-2. 


4.1.4 For Type CA-26 and RADSB Relays 
(Steps 11 to 13) 


To calculate mismatch for CA-26 relays. perform steps 
11 to 13 as follows: 


Step 11 Calculate mismatch; use Equation (10-1) 


652 _, 
м = 418 у рос 
S 
2 Lm. Zi 100% = 56% 
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Figure 10-15 Complete phasing check for the example of Figure 10-14. 


Step 12 Since the percent mismatch is higher than the 
recommended value (Table 10-2), an auxiliary current 
transformer or a current-balancing autotransformer is 
required to decrease the current to the relay. (Note: 
Use auxiliary current transformer to decrease the cur- 
rent to the relay.) 

The turns ratio of the balancing current transformer 
is (4.18/6.52) x 100%, or 64.1%. Either a two-winding 
auxiliary current transformer with a turns ratio of 3/2 
(for example, ABB style no. 7881A026G06), or a cur- 
rent-balancing autotransformer (for example, ABB type 
A auxiliary current transformers) would be satisfactory. 

The connections for these two transformers are shown 
in Figure 10-16. The continuous rating of the auxiliary 
current transformers should be checked to guard against 
possible thermal problems. 

Step 13 After selecting the auxiliary current trans- 
former ratio, the mismatch should be rechecked. 


If a 3/2 ratio auxiliary current transformer is used, refer 
to Figure 10-16 and apply Equation (10-1) 


M = oa a x 100% = 3.80% 


If a current-balancing autotransformer is used, refer to 
Figure 10-16 and apply Equation (10-1) 


M = aR х 100% = 0.24% 


Both values are well within the 10% mismatch limit of 
Table 10-2. 


4.1.5 For Type HU Relays (Steps 14 to 17) 


To apply HU relays, the tap settings, continuous coil 
ratings, and mismatch must be checked, as described 
in steps 13 to 16. The taps in HU relays are 2.9, 3.2, 
3.5, 3.8, 4.2, 4.6, 5.0, and 8.7. The tap ratios are given 
in Table 10-5. 
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Table 10-4 Example of Ratio Check for Two-Winding Transformer 











Step LV (wye) HV (delta) 
1. For the example shown in Figure 
10-14, assume that the maximum load anon aos 
is 30,000 kVA. Then the rating of the , = , = 
bank Ip, is УЗ x 11.5 Ion УЗ x 69.0 ТА 
2. For increased sensitivity, select current 
transformer ratios as close to the Ін. 
value as possible. Practically, a 
calculated value of (I4 /0.8) can be 
used as the reference for determining 
the current transformer ratios for this 1506 _ 1882.5 251 _ 3137 
example 0.8 8 
Then use 2000 300 
п = = n=- 
5 5 
3. Calculate current transformer = 400 = 60 
secondary currents Is = (Ің/п) 1506 _ 251 
~ 400 ~ 60 
= 3.77 А = 4.18 A 
4. Calculate relay current Іш = 3.77(V3) Ij = 418 A 
= 6.52 А 
5. Calculate relay current ratio Iu = 6.52 — 1.560 
I 4.18 


Step 14 Select relay taps that have а ratio as close as 
possible to the relay current ratio in step 5. In this case, 
tap 5.0/3.2, with a ratio of 1.563, is the closest. 

Step 15 Use tap 3.2 on the 69-kV side and tap 5.0 on 
the 11.5-kV side. In most HU applications, auxiliary 
current transformers are not required for current bal- 
ancing if the current ratio is between 1 and 3. 

Step 16 Check the continuous thermal rating of the 
relay coils. Since the continuous rating of the relay is 
12 A for the 3.2 tap, there should be no thermal prob- 
lem with the relay coils. 


Step 17 Calculate mismatch 





6.52 _ 5.0 
M = 418 3.2 х 100% 
1.560 — 1.563 
= 1560 = 100% = 0.2% 


This value is well within the 15% mismatch limit of 
Table 10-2. Also, the 30% sensitivity of the HU relay 
would be satisfactory for this application. 


4.1.6 Current Transformer Performance Check 

Assume that the three-phase external fault currents are 
higher than the single-phase fault currents, with values 
of 15,000 А on the 11.5-КУ side апа 2500 A on the 69- 


kV side. In this case, the current transformer burden 
limit can be calculated as follows: 


Low voltage High voltage 








Maximum external fault 15,000 2500 
current (primary 
amperes). Ip 
Current transformer turns 400 60 
ratio. n 
Secondary amperes 
I 
= 37.5 41.7 
n 
: 2000 300... 
Np 3000 0.6 600 ^ 0.50 
From Equation (10-2) where (1,, — 100) Rs = 0 


since I,,, is less than 100 A secondary (Figure 10-14 
shows the C400 current transformer are used in this 
example) 


0.67 x 400 
100 


0.5 x 400 — 


2 
100 4 


= 2.67 О, 
Current transformer performance will be satisfactory if 
the total burden impedance values, as calculated from 
Equation (10-3), are less than the above values. 
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b) Type "A" Current Balancing Transformers. 


Figure 10-16 Current balancing transformer connections 
for Figure 10-15 when type CA-26 or RADSB relay is used. 


Table 10-5 HU Relay Tap Ratios 
2.9 3.2. 3,5 3.8 42 46 5.0 8.7 
2.9 1.000 1.103 1.207 1.310 1.448 1.586 1.724 3.000 


3.2 1.000 1.094 1.188 1.313 1.438 1.563 2.719 
3.5 1.000 1.086 1.200 1.314 1.429 2.486 
3.8 1.000 1.105 1.211 1.316 2.289 
4.2 1.000 1.095 1.190 2.071 
4.6 1.000 1.087 1.890 
5.0 1.000 1.740 


8.7 1.000 
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4.2 Checks for Multiwinding Banks 


The same types of phasing, ratio, continuous rating, 
and current transformer performance checks are used 
for multiwinding transformer as for two-winding trans- 
formers. To determine the correct direction and phase 
of the restraint currents, one side of the transformer 1s 
considered the primary and the other windings the sec- 
ondaries. For ratio checks, any two windings must be 
checked based on a same kVA value, as if the bank 
were a two-winding unit with no current in the other 
winding. Апу other pair is then checked in the same 
manner. This process ensures that all ratios are correct 
for anv distribution of fault or load current. 

A work sheet showing the connection of differential 
relavs around a tvpical three-winding bank is given in 
Figure 10-17. The completed phasing checks are shown 
in Figure 10-18. 

If the ratios are not correct for the relay, auxiliary 
current-balancing autotransformers or current trans- 
formers are required. In general, one or two sets are 
required for the three-winding bank, depending on the 
unbalanced condition and relay type (CA-26, HU-1, or 
RADSB). 

For the three-winding bank shown in Figure 10-18, 
the ratio check is performed per Table 10-6, steps 1 
to 5. 


4.2.1 For Type CA-26 and RADSB Relays 
(Steps 6 to 8) 


For CA-26 relay application, mismatch is checked ac- 
cording to steps 6 to 8 below. 


Step 6 Calculate mismatch; use Equation (10-1) 


7.577 


602 —. 


Мим = х 100% = 26% 


6.012 

4380 _ 
1 

7.577 _ 


4.380 


Mur = х 100% = 37.3% 


My. = х 100% = 73% 


Step 7 То decrease the currents to the relay, add 
current-balancing autotransformers at the 66- and 26- 
kV sides. The turn ratios of these transformers are 








4.380 ^. 4.380 
TST MARIER 6.012 


Use 58 turns ratio. 


x 100% = 72.8% 


Use 73 turns ratio. 
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Figure 10-17 Work sheet for connecting differential relays around a three-winding transformer bank. 


Then the currents to the relay are 


Iku = 7.577 x 58% = 4.395 A 

Irm = 6.012 x 73% = 4.389 A 

Ірі = 4.380 A 

Step 8 Recalculate the mismatch 

4.395 _ 

Mum = са х 100% = 0.1% 
489 у 

Мм. = ме х 100% - 0.2% 
4.395 _ 

Мы = a x 100% = 4.4% 


4.2.2 For Type HU-1 Relays (Steps 9 to 12) 

For HU-1 relay application, tap settings, mismatch, and 
current transformer performance are calculated as 
follows: 


Step 9 To select the relay taps, use Table 10-5 and 
start from the highest current ratio, Тең рі = 1.730. 
The nearest tap ratio is 5/2.9 = 1.724. Select Ty = 5 
and T, = 2.9. Next, select the tap ratio for the second 
higher-current ratio, Ipy/Ip, = 1.373, by using the lower 
tap from the first tap ratio (Тү = 2.9) as a reference. 
This ratio would be 3.8/2.9 = 1.310. In other words. 


Тм = 3.8. 
Step 10 Calculate the mismatch 
757 5 
6012 38 
Mum = ^ 126 x 100% = 44% 
6.012 3.8 
4.380 9 
= = 48% 
7.577 5 
4.380 2.9 
= ——— % = 0.3% 
Мы. 175 х 100% = 0.3% 


Step 11 Check current transformer performance in 
the same way as for the two-winding bank above. 
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Figure 10-18 Complete phasing check for the example of 
Figure 10-17. The dotted lines show the connections for a 
phasing check between the 66 and 11 KV windings. Assuming 
the 26 KV circuit does not exist. The dashed lines show the 
connections for a phasing check between the previous con- 
nections made for the 66 KV winding, assuming that the 11 KV 
circuits do not exist. With this method, phasing is correct for 
any distribution of currents through the three windings. 
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Step 12 Even though the current ratios are within 3.0 
(step 5), auxiliary current transformers may be required 
for current balancing. For example, if Тың = 3.75, 
Tam = 8.109, and Ip, = 6.222, the current ratios are 
2.162, 1.303, and 1.659. Even though these values are 
within 3, auxiliary current transformers are necessary 
in this application. 


5. TYPICAL APPLICATION OF TRANSFORMER 
PROTECTION 


5.1 Differential Scheme with Harmonic Restraint 
Relay Supervision 


Adding a new generating source to an existing power 
system can easily cause inrush problems if the system’s 
transformer differential relays are not of the harmonic 
restraint type. Rather than replacing all the CA or CA- 
26 relays with HU, HU-1, or RADSB relays, the CA 
or CA-26 relay trip circuit can be supervised by an HRU 
harmonic restraint relay contact. Figure 10-19 shows 
how a three-phase HRU relay can be used to supervise 
existing CA or CA-26 relays. 

In the three-phase HRU relay, a mixing transformer 
combines the currents from the differential circuit. The 
harmonic restraint unit, identical to the HRU unit of 
HU relay, supervises inrush current. The relay also con- 
tains three instantaneous trip units, one for each phase. 

The three-phase HRU relay is calibrated to have its 
contacts normally closed on 0 current, or fault currents 
where the second harmonic content is 15% or less of 
the fundamental. This arrangement improves the relay’s 
dependability and permits differential relay operation 
for an internal fault such as shown in Figure 10-20. For 
this fault, the ampere turns in the mixing transformer 


Table 10-6 Example on Ratio Check for Three-Winding Transformer 





Step 66 kV (Y) 
1. If 25,000 КУА flows through 25,000 _ 219 
the bank, the currents in МЗ х 66 


each winding are Ig. 


2. If we assume current n = 250/5 
transformer turn ratios of = 50 

3. Then the current = 219/50 
transformer secondary = 4.380 
currents are [,, /n 

4. Relay currents are Ін = V3 x 4.380 

= 7,577 
5. Relay current ratios are Tey 7.577 


26 kV (Y) 11 kV (A) 

25000 — 25000 — 
Axa o Axi P 

= 800/5 = 1500/5 

= 160 = 300 

= 556/160 = 1314/300 

= 3.475 = 4.380 
Irm = УЗ х 34.75... Ip, = 4.380 

= 6.012 

Irm 6.012 la 7.577 
CRM Lene | BH ED 1.730 
Ig 4.380 1373 RE 4.380 x 








Transformer and Reactor Protection 






(+) 


To Trip 


161 


Mixing Transformer 


Figure 10-19 Differential scheme with HRU harmonic restraint relay supervision. 


will be cancelled out, and no current can be induced 
on the secondary side. An inrush will not produce this 
cancellation. 


5.2 Ground Source on Delta Side 


As shown in Figure 10-21a, the differential relay will 
operate falsely on external ground faults if the differ- 
ential zone covers a grounding bank, and a conventional 
wye-connected current transformer set is used. This 
misoperation can be eliminated by inserting a zero se- 
quence current trap in the circuit (Figure 10-21b). The 
zero sequence current trap consists of wye-delta-con- 
nected auxiliary current transformers, which can have 
any ratio. These auxiliary current transformers provide 
a low-impedance path for the zero sequence current 
component and high-impedance path for the positive 
and negative sequence current components of the fault 
current. The scheme can be grounded at the differential 
relay or trap, but only one ground point may be used. 


5.3 Three-Phase Banks of Single-Phase Units 


Figure 10-22 shows one phase of the transformer dif- 
ferential connection for transformer bushing current 
transformers used in a three-phase bank of single-phase 
units. In such cases, conventional current transformer 
connection cannot be used in the three circuits to the 
delta, such as those shown in Figure 10-15. This dif- 
ferential relaying scheme will not detect internal bush- 
ing flashovers if the power system is grounded as illus- 
trated in Figure 10-22a. This differential relaying scheme 
will not detect internal bushing flashovers if the power 
system is ungrounded, as illustrated in Figure 10-22b. 
The relay scheme also will not detect an internal bushing 
flashover and external ground fault on another phase. 

Protection for these internal! faults is obtained by 
placing current transformers on both bushings of a sin- 
gle-phase transformer winding that forms part of the 
three-phase delta connection (Figure 10-22c). AII cur- 
rent transformers can be wye-connected. 
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Figure 10-20 A two phase fault on wye 
normally closed contacts of the type HRU r 
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a) Differential Relay will False Operate 
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Figure 10-21 





b) Differential Relay will not Operate on 
External Ground Fault When The Zero 
Sequence Current Trap is Inserted in 
The Circuit. 


Note: Only ONE Ground Moy Be Used in The CT Circuit. 


Ground source on delta side. 
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с) Solution 


Figure 10-22 Protection problems and solution for inter- 
nal faults on delta side of a three-phase bank consisting of 
single-phase units. 


An unbalance of 2/1 results from connecting the two 
current transformers in the delta winding in parallel 
with one ct in the wye winding. When selecting current 
transformer ratios and/or relay taps, this unbalance must 
be taken into account. 


5.4 Differential Protection of a Generator- 
Transformer Unit 


In the unit-type system shown in Figure 10-23, the trans- 
former differential relay is often connected to include 
the generator as well as the transformer. This arrange- 
ment provides additional and overlapping protection for 
the rotating machine. Separate current transformers on 
the generator neutral are recommended to keep the 
burden low. 

Because the station service transformer bank is much 
smaller than the generator unit, the transformer dif- 
ferential relay may not protect against secondary or 
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internal faults in the station service transformer unless 
such faults occur near the high-voltage end of the pri- 
mary winding. The main units require a high current 
transformer ratio to limit secondary currents under con- 
tinuous operation and high faults. Since the station- 
service unit is small, it will have a high impedance and 
light fault currents—frequently below the transformer 
differential relay sensitivity. In this case, a separate 
differential relay around the station service bank can 
be operated with current transformer ratios appropriate 
to the size of the bank. Overload relays, without a sepa- 
rate differential, may be used to protect this station- 
service bank. 

If no appreciable current is fed back through the 
small station-service unit for faults external to the large 
main unit, faults on the low side of the station service 
unit may be well below the main differential relay sen- 
sitivity. If so, no current transformer connection to the 
main differential relay circuit is required. Otherwise, a 
connection is required to prevent tripping on station 
service bus faults. 


5,5 Overexcitation Protection of a Generator- 
Transformer Unit 


Overexcitation of a transformer may result in thermal 
damage to cores due to excessively high flux in the 
magnetic circuits. Excess flux saturates the core steel 
and flow into the adjacent structure, causing high eddy 
current losses in the core and adjacent conducting 
materials. 

Since flux is directly proportional to voltage and in- 
versely proportional to frequency, the unit of measure 
for excitation is defined as per unit voltage divided by 
per unit frequency (volts/hertz). Overexcitation exists 
whenever the per unit volts/hertz exceeds the design 
limits of the equipment; for example, a transformer 
designed for a voltage limit of 1.2 per unit at rated 
frequency will experience overexcitation whenever the 
per unit volts/hertz exceeds 1.2. Should the voltage ex- 
ceed 120% at rated frequency, or the frequency go 
below 83.346 at rated voltage, overexcitation will exist. 
Severe overexcitation can cause rapid damage and 
equipment failure. Figure 10-24 shows the curves of 
transformer overexcitation limitations for various man- 
ufacturers (curves are from Figure 11 of ANSI/IEEE 
Standard C37.106— 1987 “IEEE Guide for Abnormal- 
Frequency Protection for Power Generating Plants"). 

In a generator/transformer unit system, the trans- 
former may be subjected to an overvoltage or over- 
excitation condition оп load rejection or as external 
faults are cleared by the high-side breaker. During pe- 
riods of high overexcitation, conventional transformer 
differential relays and relaying schemes may operate. 
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Transformer 


Figure 10-23 Differential protection of the unit-type generator-transformer system with separate differential protection for 


the station service unit. 


Some users, however, consider this “‘misoperation” an 
advantage, since it protects against transformer damage 
from overvoltage. 

Figure 10-25 shows an overexcitation restraint scheme 
for transformer differential relays. This scheme can dis- 
tinguish between operation caused by overvoltage and 
operations caused by an internal fault, and can delay 
tripping long enough for the possible correction of the 
overexcitation condition. A type MVH relay is used to 
detect overexcitation. The MVH relay has a constant 
volts/hertz characteristic and is thus responsive to the 
flux level in the transformer. 

The MVH is a microprocessor-based volts/hertz re- 
lay, three-phase package. Refer to Figure 10-25; the 
HUO b-contact is in series with the HU relay trip cir- 
cuit. It opens instantaneously to disable the differential 
trip circuit when the volts/hertz condition is greater than 
120% in all three phases. The MVH contact is the out- 
put from an inverse time-delay element. It provides a 
backup function if the overexcitation is higher than the 
V/H pickup setting and the condition is not corrected 
after its timing circuit times out. Three different time 
(volts/hertz) curves can be selected. The particular curve 
to be chosen is dependent on the volts/hertz vs. time 
characteristic, as shown in Figure 10-24, for the partic- 
ular transformer being protected. 

In case the overexcitation protection, as shown in 
Figure 10-25, cannot be applied because no potential 





source for the MVH is available, a type RADSB trans- 
former differential relay with fifth-harmonic current for 
restraint can be used, but should be applied with caution 
because of the following: 

The fifth-harmonic current component is not a reli- 
able quantity due to the characteristics of the trans- 
former core. Figure 10-26 shows that, typically, all odd 
harmonic currents will start to decrease when the over- 
voltage is higher than 120%. For example, for this iron 
sample, the fifth-harmonic restraint would not function 
correctly for a 35% fifth-harmonic restraint relay if the 
overvoltage is higher than 138%. 

Neither the maximum of the three-phase fifth har- 
monics nor the “рег phase base" (i.e., fifth harmonic 
from phase A differential circuit to restrain phase A 
relay, etc.) should be used. These approaches may over- 
restrain on internal ground faults, because the voltages 
on the two unfaulted phases can be higher than normal 
during a fault. Also, all three differential circuits may 
contain fifth-harmonic current due to the delta-connected 
current transformers. 


5.6 Sudden-Pressure Relay (SPR) 


With the application of a gas-pressure relay, many 
transformers can be protected by a simple differential 
relay set insensitively in the inrush current. The sudden- 
pressure relay (SPR), which operates on a rate of rise 
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Figure 10-24 Transformer overexcitation limitations for 
various manufacturers transformer under no load conditions. 


of gas in the transformer, can be applied to any trans- 
former with a sealed air or gas chamber above the oil 
level. The relay is fastened to the tank or manhole 
cover, above the oil level. It will not operate on static 
pressure or pressure changes resulting from normal op- 
eration of the transformer. 

The SPR relay is recommended for all units of 5000 
kVA or more. It is extremely insensitive to light faults 
as it will operate on pressure changes as low as 0.33 Ib/ 
іп.2/ѕес. In one case, this represented a fault of 50 А. 
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The SPR relay is far more sensitive to light internal 
faults than the differential relay. The differential relay, 
however, is still required for faults in the bushing and 
other areas outside the tank. 

The SPR relay operating time varies from 3 cycle to 
37 cycles, depending on the size of the fault. 

In the past, large-magnitude through-fault conditions 
on power transformers have caused rate-of-change-of- 
pressure relays to occasionally operate falsely. There 
has been reluctance on the part of some users to connect 
these rate-of-change-of-pressure relays to trip, and they 
have therefore used them for alarming only. Schemes 
have been devised to restrict tripping of the rate-of- 
change-of-pressure device only to levels of current be- 
low which the transformer differential relay cannot op- 
erate. One means of doing this is with a high-speed 
current-blocking type RAICB relay (or a simple over- 
current relay) to supervise the SPR trip circuit. 


5.7 Overcurrent and Backup Protection 


To allow transformer overloading when necessary, the 
pickup value of phase overcurrent relays must be set 
above this overload current. An inverse-time charac- 
teristic relay usually provides the best coordination. Set- 
tings of 200 to 300% of the transformer's self-cooled 
rating are common, although higher values are some- 
times used. Fast operation is not possible, since the 
transformer relays must coordinate with all other relays 
they overreach. 

Overcurrent relays cannot be used for primary pro- 
tection without the risk of internal faults causing ex- 
tensive damage to the transformer. Fast operation on 
heavy internal faults is obtained by using instantaneous 
trip units in the overcurrent relays. These units may be 
set at 125% of the maximum through fault, which is 
usually a low-side three-phase fault. The setting should 
be above the inrush current. Often, instantaneous trip 
units cannot be used because the fault currents are too 
small. 

An overcurrent relay set to protect the main windings 
of an autotransformer or three-winding transformer of- 
fers almost no protection to the tertiary windings, which 
have a much smaller КУА. Also, these tertiary windings 
may carry very heavy currents during ground faults. In 
such cases, tertiary overcurrent protection must be 
provided. 

A through fault external to a transformer results in 
an overload that can cause transformer failure if the 
fault is not cleared promptly. It is widely recognized 
that damage to transformers from through faults is the 
results of thermal and mechanical effects. The thermal 
effect has been well understood for years. The me- 
chanical effect has recently gained increased recognition 
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Figure 10-25 Overexcitation restraint using volts/hertz relay for transformer differential. 


as a major concern of transformer failure. This results 
from the cumulative nature of some of the mechanical 
effects, particularly insulation compression, insulation 
wear, and friction-induced displacement. The damage 
that occurs as a result of these cumulative effects is a 
function of not only the magnitude and duration of 
through faults, but also the total number of such faults. 
The transformer can be isolated from the fault before 
damage occurs by using fuses or overcurrent relays. The 
former ANSI C37.91, “Сшае for Protective Relay Ap- 
plications to Power Transformers," was based on the 
former U.S. Standard C57 for Power Transformer, in 
which mechanical effect was not considered. The latest 
published Standard C57.109-1985, "IEEE Guide for 
Protective Relay Applications to Power Transformers," 
considers both the thermal and mechanical effects. 
For purposes of coordination of overcurrent protec- 
tive devices, ANSI/IEEE Standard C57.109-1985 pre- 
sents different curves for different-size transformers as 
listed in Table 10-7. For applications including the cat- 
egory I transformer, only the thermal effect from the 
through-fault current is considered in Figure 10-27; on 
the contrary, for applications including the category IV 
transformer, the thermal and mechanical effects from 
the through-fault current should be considered as shown 
in Figure 10-30. For applications including the category 
П or III transformer, Figures 10-28 and 10-29, whether 


or not the mechanical effect from the through-fault cur- 
rent should be considered depends on the frequency of 
the external fault: 


For applications in which external faults occur infre- 
quently, for example, transformers with secondary-side 
conductors enclosed in conduit or isolated in some other 
fashion, the through-fault protection curve should re- 
flect primarily thermal damage considerations, since the 
cumulative mechanical damage effect of through faults 
will not be a problem. 

For applications in which external faults occur fre- 
quently, for example, transformers with secondary-side 
overhead lines, the through-fault protection curve should 
reflect the fact that the transformer will be subjected 
to the thermal and cumulative mechanical damage effects 
of through faults. 


Figure 10-31 shows the infrequent-frequent fault inci- 
dence zones for the determination of curve selection. 

The following example describes the procedures for 
constructing the dog-leg portion of the new thermal/ 
mechanical limit curves: a 230/25-kV, 30/50-МУА 
transformer with an impedance of 10% on a 30-MVA 
base and with secondary-side overhead lines. 
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Step 1 Select the category from the minimum name- 2. Calculate the constant К = It att = 2 sec 
plate rating of the principal winding. For this example, 1 \? 
it is a category ІП transformer, апа the Figure 10-29 K = (o5) x 2 = 200 
curve should be used for the coordination. 0.10 
us шш, ni С Pies 3. Calculate the time at 50% (note: use 50% for cat- 
Bory gur че Rie eng i ы , egory ІП and IV, 70% for category II) of the max- 
portion A. | , 
. ) imum per unit through-fault current 
Step 3 Determine the dog-leg portion of the curve as 
follows: ae к. 00. ы 
; ? P [0.5(10)]? 
1. Calculate the maximum per unit through-fault 
current: TEE "E 
This is point 2 in Figure 10-32. 
1 4. Connect points 1 and 2 and draw a vertical line 
I= “теті = 10 х base current at 2 sec from point 2 to the infrequent curve to complete 


the dog-leg portion of the curve as shown in Figure 
This is point 1 in Figure 10-32. 10-32. 
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Figure 10-31 Infrequent-frequent fault incidence zones for category II and category ІП transformers. 


5.8 Distance Relaying for Backup Protection 


Directional distance relaying can be used for trans- 
former backup protection when the setting or coordi- 
nation of the overcurrent relays is a problem. The di- 
rectional distance relays are connected to operate when 
the fault current flows toward the protected trans- 
former. They are set to reach into, but not beyond, the 
transformer. 


5.9 Overcurrent Relay with HRU Supplement 


Three single-phase HRU units with instantaneous trip 
elements can be used to supplement the time-delay 
overcurrent relays when inrush is a problem and no 
current transformers are available on the secondary side 
of the protected bank. As illustrated in Figure 10-33, 
this arrangement provides high-speed tripping when the 
transformer is energized on faults. The scheme is not 
recommended, however, unless transformer loads are 
supervised by individual local breakers, or load pickup 
does not occur during transformer energization. 


6. TYPICAL PROTECTIVE SCHEMES FOR 
INDUSTRIAL AND COMMERCIAL POWER 
TRANSFORMERS 


The protection of industrial and commercial power 
transformer banks is somewhat different from the pro- 
tective schemes used by utilities. The differences in pro- 
tective schemes are a function of several major factors, 
including system configuration, method of grounding, 
speed, coordination, operation, and cost. Some of the 
more commonly used industrial and commercial pro- 
tective schemes are shown in Figures 10-34 to 10-39. 
Figure 10-34 illustrates how a primary breaker can 
be used for transformer protection. The basic protection 
is provided by the 87T transformer differential relays. 
Either type CA or HU relays can be used. depending on 
the severity of inrush and operating speed requirements. 
Device 50/51, an inverse-time CO relay with IIT unit, 
provides transformer primary winding backup protection 
for phase faults; either device 50G (type ITH with a zero 
sequence current transformer) or 50N/SIN сап be used 
as transformer primary winding backup for ground faults. 
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Figure 10-32 Multiple of transformer full load (per unit). 
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Figure 10-33 Overcurrent relay with single-phase HRU 
supplement for speed improvement. 
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Transformer overload, low-voltage bus, and feeder backup 
protection are provided by device 51 on the transformer 
secondary side. Since the low-voltage side is medium- 
resistance-grounded, a ground relay (51G) should be 
used to trip breaker 52-1 for low-side ground faults and 
for resistor thermal protection. Device 151G, which 
trips breaker 52-11, provides feeder ground backup, 
whereas device 63, such as a type SPR relay, offers 
highly sensitive protection for light faults. 

The current transformer ratings in this scheme should 
be compatible with the transformer short-time overload 
capability: approximately 200% of transformer self- 
cooled rating for wye-connected current transformers 
and 350% (V3 x 200%) for delta-connected current 
transformers. The neutral current transformer rating 
should be 50% of the maximum resistor current rating. 

When a normally closed secondary bus tie breaker 
is used for paralleled transformer protection (Figure 10- 
35), there are several differences, with the primary 
breaker scheme shown in Figure 10-34. First, a type 
CWC relay (87TG) provides selective and sensitive pro- 
tection for ground faults within the secondary circuit of 
the differential zone. The CWC relay, an induction disc 
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Figure 10-34 Transformer protection with primary breaker. 
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Figure 10-35  Paralleled transformer protection with primary breaker. 
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Figure 10-36 Connections and operation at the CWC 


(87TG) ground differential relay where the connected system is 
grounded. 
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Figure 10-37 Connections and operation of the CWC (87TG 


) ground differential relay where the connected system is 
ungrounded or the external ground source is not always available. 





~ransformer and Reactor Protection 


-elay. has two windings that operate on the product of 
гле two currents. The operating torque is proportional 
zd the product times the cosine of the angle between 
“Не two currents. Maximum torque occurs when the 
currents are in phase; the connections and operation of 
zhe scheme are shown in Figures 10-36 and 10-37. 

For an external fault, the two currents in the relay 
coils are essentially 180° out of phase. In this case, the 
CWC relay has no operating torque. For an internal 
тайн, the currents in the relay are essentially in phase, 
producing operating torque. The relay sensitivity is 
4.25 УА. Make sure that the external ground source is 
always available when applying Figure 10-36: otherwise. 
the CWC relay will not operate on internal faults. 

In these applications, the ratios of the current trans- 
:ormers do not have to be identical. Increased sensitiv- 
itv can be obtained by using a lower-ratio neutral cur- 
rent transformer. It is desirable to keep the currents in 
the two relay coils within a 2:4 ratio so that an auxiliary 
current transformer will be required if a large ground 
resistor is used. 

Figure 10-37 shows the connections when the exter- 
nal system is not grounded or the external ground source 
is not always available. I, must be positive for the ex- 
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Figure 10-38 Transformer protection with primary fuses. 
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ternal fault. This can be done by using 


R 
n = 1.2 — or higher 
Rex 


for the auxiliary ct ratio as shown in Figure 10-37a. Cur- 
rent transformer ratios, as well as any effect of saturation 
of the line current transformer, must be considered. 

In addition to devices 51G and 151G shown in Figure 
10-35. a 251G relay is used to trip breaker 52T on ground 
faults. The trip sequence of these three ground relays 
is as follows: (1) 2516 trips 52T. (2) 151G trips 52-11, 
(3) 16 trips 52-1. The 87TG trips 52-1 and 52-11. De- 
vice 67 (tvpe CR relays) provides reverse overcurrent 
protection. 

If the transformer is too small to warrant the basic 
schemes described above, the scheme shown in Figures 
10-38 and 10-39 is recommended. Here, fuses provide 


‘the primary fault protection. Solid grounding will assure 


sufficient primary phase fault current to operate the 
fuses for most secondary ground faults. The opening of 
a single primary fuse will result in single phasing of the 
transformer secondary system. This may be difficult to 
detect particularly at light loads and appropriate pre- 
cautionary measures should be taken. 

If the primary source is grounded and there is a power 
source on the secondary side, a ground fault on the 
incoming line will be interrupted by the source breaker; 
the transformer primary or secondary breaker. how- 
ever, will not be relayed open because of the delta 
primary transformer connection. The failure of these 
breakers to open can result in hazards to personnel, 
possible damaging transient overvoltages produced by 
an arcing-type fault, and problems with automatic re- 
closing of the source breaker. Several schemes can be 
used to ensure opening of the source and transformer 
breakers, including pilot protection of the incoming line, 
transfer-trip, or potential ground detection relaying 
schemes on the transformer primary. Automatic re- 
closing is a special problem, requiring that the second- 
ary breaker be opened before the primary source breaker 
is reclosed. 

When a normally open bus tie breaker is used, as in 
Figures 10-35 and 10-39, devices 67 and 67N are not 
required. 


7. REMOTE TRIPPING OF TRANSFORMER 
BANK 


Transformer banks are often-applied as a part of the 
line section, with no high-side breakers. The protec- 
tion problems associated with this combination are 
described in Chapters 12 (*Line and Circuit Protec- 
tion"). 
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Figure 10-39  Paralleled transformer protection with primary fuses. 


8. PROTECTION OF PHASE-ANGLE 
REGULATORS AND VOLTAGE REGULATORS 


A phase-angle regulating transformer, which inserts or 
impresses a regulated voltage on a line in quadrature 
with its line-to-ground voltage, is used to control power 
flow in the system. A voltage-regulating transformer 
compensates for drops іп ІК by inserting or impressing 
a regulated voltage on a line in phase with its line-to- 
ground voltage. These two transformers consist basi- 
cally of a series unit and an exciting unit, located on at 
least two separate cores and in separate tanks. De- 
pending on the design and size of the bank, the exciting 
unit may be wye- or delta-connected, and the series unit 
may be constructed as one unit or split into two identical 


units. By mixing the control elements in the exciting 
unit, as shown in Figure 10-40, a single bank can some- 
times provide both the phase-angle regulation and volt- 
age control functions. The protective schemes for the 
phase-angle regulator and voltage regulator are as var- 
ied as the ways in which the bank is constructed. Figurz 
10-41 shows a typical scheme that could be used for the 
system depicted in Figure 10-40. 

Device 87E (HU-1 relays, one per phase; RADSB 
relays, one per bank; or KAB relays, one per phase 
provides overall regulator protection. As shown in Fig- 
ure 10-42, the currents 1, I, and I, are applied vec- 
torially to the relay. Since all these currents flow in the 
primary circuit of the series windings, saturation of the 
series windings from external-fault overvoltages will пс: 
affect the 87E relays. 


T i ri i Ri 
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Voltage Regulating 
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Figure 10-40 Typical 400 MVA 115 KV phase angle regulator, + 26° with voltage control. 


In application, the current transformer ratio and re- 
lay tap’s selection for 87E would be similar to the con- 
ventional differential scheme for three-winding trans- 
former protection. The use of an equal current 
transformer ratio for the source, load, and primary of 
the exciting unit is recommended. This allows the use 
of equal tap settings in the differential relay. For most 
applications, the current transformer ratio is deter- 
mined by the full-load current through the series wind- 
ing. However, for larger-angle shifts, the current trans- 
former ratio is determined by the current of the exciting- 
unit primary winding. 

To set the 87E relays at their minimum tap, current 
transformer ratios should be identical. For HU-1 relay 
application, a setting of 2.9 for all restraint elements 
will provide the best sensitivity. The series-unit primary 
and exciting-unit primary are electrically connected (in- 
stead of magnetically), and there is no phase shift. Con- 
sequently, the current transformers for 87E relays can 
be either wye- or delta-connected. Wye connection will 
permit faulted-phase identification, whereas delta con- 


nection will produce more current (V3) to operate the 
relay and two out of the three relays in the scheme will 
pick up on an internal fault providing redundant backup. 

Device 87S (HU relays, one per phase) provides dif- 
ferential protection for the series unit. As shown in 
Figure 10-44, the current transformers for current 
Ie’ should be located at the neutral end of the wind- 
ings to provide some backup protection for the exciting 
unit. 

The series winding has very low impedance and is 
designed for rated voltage equivalent to the quadrature 
voltage at maximum phase-angle shift. For the example 
shown in Figures 10-43 and 10-44, it is approximately 
[2 sin(26°/2) | or 45% of the line-to-neutral voltage. As 
a result, the transformer windings are subject to over- 
voltage or overexcitation conditions on external fault, 
which may produce saturation of the series windings 
and cause false operation of the 87S relays. 

Whether or not an external fault will cause such over- 
voltage on the winding and false relay operation de- 
pends on several factors, including the characteristic of 
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(Voltage Supervised) 
Series Transformer 
Differential Protection 


Figure 10-41 Typical scheme for protecting the phase angle regulator of Figure 10-40. 


the series winding (saturation curve, impedance, and 
tap position), location and type of fault, and power- 
system condition. A typical analysis shows that faults 
on one side of the bank produce false operation of the 





Figure 10-42 Overall differential protection for the phase 
angle regulator of Figure 10-40. 


relay, whereas faults on the other side of the bank do 
not. Other cases indicate no overvoltage problems at 
all. If overvoltage is a problem, therefore, the 87S relays 
should be supervised by a volts/hertz relay, as shown 
in Figure 10-25, for example. 

It should be noted that if (refer to Figure 10-43) the 
currents I, from the source-side current transformer and 
currents (I,c!°) from the load-side current transformer 
are added to the relay, then the sum of these currents 
is balanced with the current Ie from the neutral current 
transformer of the exciting-unit secondary. This means 
that in order to provide the “sum” effect of (I, + Ie). 
the connections of the source-/load-side current trans- 
formers (from the point of view of polarity) for the 87$ 
relay should be the same. This is different from the 
conventional differential scheme in connection. 

For illustration purposes, a typical example of cur- 
rent transformer ratio and relay tap selection for the 
87S device is given below. 

It should be noted that the ampere turns in the series 
winding. primary and secondary, are always balanced. 
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Figure 10-44 Differential protection for series winding of 
the phase angle regulator of Figure 10-40. 


They are independent of the regulator’s tap position, 
i.e., 

Ampere turns in pri. winding 

Ampere turns in sec. winding 
_ IgZ0 (pri. turn) + 120° (pri. turn) 


140° (sec. turn) + Iņ Z0? (sec. turn) 
I (pri. turn)(Z0° + 20°) 
I’ (sec. turn)(Z0? + Z0?) 
I (pri. turn) 
тг (sec. turn) 





зз... 2-7 





For the 87S application, the current ratio for the relay 
tap selection is based on the currents of 
540° + 1,20° 1(20° + 20°) I 
ZO + EZO КЕЛІ + 20) T 
It is also independent of the regulator’s tap position. 
The next example illustrates the 87S relay taps se- 
lection for a phase shifter as shown in Figure 10-43. It 
has the following information: 





345 kV, plus/minus 60 
Series winding primary 
Series winding secondary 
Exciting winding 


189/252/315 MVA 
2 x 280 turns 
232 turns 

334 turns 


Use the maximum load-current value to determine the 
source-/load-side ct ratios 


315,000 


173x345 7 >28 A 


That is, use the 1200:5 ratio for the series-unit primary- 
side ct’s 


Series-unit primary current = 528A 
Series-unit secondary current 

= 528 (2 х 280/232) = 1274 A 
Exciting-unit secondary current 

= 1.73 x 1274 = 2204 A 


™ A - 


Figure 10-45 Sensitive ground protection zero sequence currents for a secondary ground fault in the exciting unit of the 


phase angle regulator of Figure 10-40. 
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Figure 10-46 Ground backup protection and zero sequence currents for a primary ground fault in the exciting unit of the 


phase angle regulator of Figure 10-40. 


Therefore, the ct ratio at this location should not be 
lower than 2204/0.8 = 2755 to 5, i.e., use the 3000/5 
ct. 87S relay taps selection would be as follows: 

= 1200/5 delta 
= 3000/5 wye 


Series-unit primary-side ct 
Exciting-unit secondary-side ct 


Current from series-unit 
primary to relay = 1.73(528)(5/1200) = 3.804 


Current from exciting-unit 
secondary to relay = 2204(5/3000) = 3.673 


= 2 x 3.804/3.673 = 2.071 


Current ratio 


Note the following: 

1. A factor of 2 is included in the current’s ratio 
calculation for this particular example. This is different 
from the approach in a conventional differential scheme. 

2. The following illustration shows a simpler way for 
finding the current’s ratio: 


n, = 232, Ree = 600 
n, = 232, Ra = 240 
п. X Re 232 x 600 





Current ratio = = 2.701 


п, х Ry 280 x 240 


Selected relay taps’ ratio = 8.7/4.2 = 2.070 
Calculated mismatch = <0.01% 


Use 8.7 taps for the series-unit ct’s and 4.2 tap for the 
exciting-unit ct. 

In the event that ct ratios are to be determined, the 
following expression may be helpful. Make M% ap- 


proach 0; then the ct ratios can be determined 


ne x Ree Ti 
n X Ry T, 


M% = Gre ESSE 


М% - percent mismatch 
Т; = relay line/restraint tap setting 
Т. = relay exiting-unit/restraint tap setting 
n, — secondary series-winding number of turns 
n, — half-primary series-winding number of turns 
Re = line/source ct ratio 
Кы = secondary of exciting-unit ct ratio 
S = smallest of the two ratios 


Devices 51М1 (CO-2 relay) in the neutral circuit of the 
exciting-unit secondary provides sensitive ground fault 
protection for single-phase-to-ground faults on the sec- 
ondary side of the exciting unit. The zero sequence 
current distribution for a ground fault in this area is 
shown in Figure 10-45. 

Device 51N2 (a CO-5 ог CO2 relay) provides backup 
for devices 51N1 and 87E during single-phase-to-ground 
faults on the exciting-unit primary. The current flow in 
neutral depends on the autotransformer action of the 
faulted winding (Figure 10-46). 

Refer to Figure 10-47. Since there is no delta- 
connected winding in the exciting unit for this particular 
phase shift to provide a path for circulating zero se- 
quence current, it will provide no zero sequence current 
for external ground fault. Therefore, the 51N1 апа 51N2 
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Fault 


Fault 


Figure 10-47 The exciting unit provides no zero sequence current path for external ground fault. Devices 51N1 and 51N2 


do not have coordination problem on external faults. 


devices do not have a coordination problem on external 
faults. However, coordination should be considered if 
there is a zero sequence current path for external ground 
faults in this area. 

The sudden-pressure relays are recommended for 
these units, especially when there is high potential for 
an arcing fault in the tap-changing equipment. 


9. ZIG-ZAG TRANSFORMER PROTECTION 


Since the connected system will be ungrounded in some 
applications, a zig-zag grounding transformer can be 
protected against ground faults by the scheme shown 
in Figure 10-48. The overcurrent relays for the delta- 
connected current transformers provide phase-fault 
protection (Figure 10-48). The time-overcurrent relay 
(device 51) in the neutral provides backup ground pro- 
tection. The ground relay must be set to coordinate 
with ground relays in the connected system. Rate-of- 


pressure-rise relays, such as the sudden-pressure relays. 
are recommended for light internal faults. 

The grounding banks are seldom switched by them- 
selves. When they are switched, however, they are sub- 
jected to magnetizing inrush—just as for other types 
of transformers. The harmonic restraint relay (single- 
phase-type HRU), as shown in Figure 10-48, can be 
used to prevent inadvertent tripping during energization. 

Some power transformer banks consist of zig-zag- 
connected windings for phase correction or system 
grounding. As shown in Figures 10-49 and 10-50, the 
phase-angle shift between the primary and secondary 
sides of the banks depends on their connections. In 
these examples, windings on one side are delta-connected. 
As shown in Figure 10-51, however, a wye connection 
could also be used, introducing a phase-angle shift of 
either plus or minus 30°. The grounded wye is not a 
zero sequence current source for ground faults on the 
wye side, even if both windings are grounded. It is. 
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Figure 10-48 Protection of a zig-zag grounding transformer and the zero sequence currents for an external ground fault. 


however, a good zero sequence current source for ground 
faults at the zig-zag side. Both the phase-angle shift and 
zero sequence current source should be considered when 
applying the differential scheme for these transformers. 


10. PROTECTION OF SHUNT REACTORS 
10.1 Shunt Reactor Applications 


Both EHV transmission lines and long HV transmission 
lines and cables require shunt reactance to compensate 
for their large line-charging capacitance. This capaci- 
tance produces VAR generation that the system gen- 
erally cannot absorb. This VAR generation increases 
as the square of the voltage and is a function of line 
length and the conductor configuration. In many cases, 
it is necessary to absorb these VAR and provide voltage 
control at both terminals during normal operation. High 
overvoltage on sudden loss of load must be limited as 
well. System switching and operation may require a 
different amount of VAR absorption and even, at times, 
some VAR generation. 


Shunt reactance for VAR control is obtained by 


Fixed shunt reactors 
Switched shunt reactors or capacitors 
Synchronous condensers 


Fixed shunt reactors are generally used for EHV and 
long HV lines and for HV cables. Switched shunt re- 
actors or capacitors and synchronous condensers are 
applied in the underlying system and near load centers. 

Shunt reactors vary greatly in size, type, construc- 
tion, and application. Their capacities range from 3 to 
125 MVA, at voltage levels from 4.6 to 765 kV. They 
can be single- or three-phase, oil- or dry-type, with 
either air or gapped-iron cores. The connections may 
be (1) directly to the transmission circuit, (2) to the 
tertiary winding of a transformer bank that is part of 
the line, or (3) to the low-voltage bus associated with 
the line transformer bank. (This third application is not 
common.) 

Line reactors, which are connected directly or through 
a disconnect switch, are a part of the transmission cir- 
cuit. Circuit breakers are seldom used. The neutrals of 
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Уа = Vab- Уса 

Vb’ = Vpc - Vab 

Ve’ = Vea - Уһс 
Га = lat ip- (10-14) 
ly = lg dg Clg 216) 


Іс = le- Ie (16-16) 


Figure 10-49 Interconnected delta zig-zag transformers with voltages in phase on the two sides. 


the reactors are solidly grounded or grounded through 
a neutral reactor. Reactor faults require that all line 
terminals be open. 

When connected to the tertiary of a transformer bank, 
circuit breakers are generally used, either in the supply 
or on the neutral. Opening the neutral breaker does not 
isolate a reactor fault. Tertiary applications are operated 
either ungrounded or grounded through impedance. 


Line operation without a reactor can result in very 
high overvoltage when load is lost, such as when one 
end is opened. This factor encourages the use of direct- 
connected reactors to avoid the accidental loss of service 
should load be lost. 


Line-connected reactors are generally included within 
the line protection zone and are often well protected 
by the line relays adjacent to the units. Separate reactor 
relays are recommended, however, since the remote 
terminal may have difficulty detecting a reactor fault. 
These relays can be applied with current transformers 
sized to the reactor MVA and should include some way 
of transfer-tripping the remote line terminals—espe- 


cially on long lines or when the remote terminal is a 
relatively weak source. With separate reactor relays. 
the line relays provide additional backup. 

Tertiary-connected reactors can be included in the 
transformer bank differential zone. Separate reactor- 
protection relays are recommended. When practical. 
the transformer protection zone overlap should be used 
as backup. Line-side reactor breakers allow the pro- 
tection to be separated, so that the transformer bank 
need not be tripped for reactor faults. In such cases. 
the possibility of high voltage during operation without 
the reactors should be examined. 

The protective techniques commonly used for reac- 
tor primary and backup protection are: 


Rate-of-rise-of-pressure (applicable to oil units with a 
sealed gas chamber above the oil level) 

Overcurrent (three-phase and/or ground) 

Differential (three-phase or ground only) 


Other protective relaying techniques, such as distance. 
negative sequence, and current balance, have been used 
to a limited extent. 
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Va = Vab -Vbe 
Vb = Vbc-Vca 
Ус = Vea -Vab 


Ia = Ig-Ig -Cc -y) 
Ip = Ip-Ig -(14 -10) 
Ie = Ic -Ip -(Ip -Ia) 


Figure 10-50  Interconnected delta zig-zag transformer with voltages 60? apart on the two sides. 


10.2 Rate-of-Rise-of-Pressure Protection 


Rate-of-rise-of-pressure protection provides the most 
sensitive protection available for light internal faults. 
Tripping is recommended, although such protection is 
sometimes used for alarm purposes only. An alarm op- 
eration should be monitored carefully since there are 
cases where a fault left no tangible evidence after the 
first pressure relay operation but later developed into 
a severe fault. Even on the severe fault, the pressure 
relay was distrusted because of the initial assumed false 
operation. 

Rate-of-rise-of-pressure protection can be used as 
separate primary protection only if line or transformer 
differential protection is available for faults outside the 





reactor tank and for backup protection. Rate-of-rise- 
of-pressure protection is, of course, not applicable to 
dry-type units. 


10.3 Overcurrent Protection 


Overcurrent phase and ground protection for reactors 
are shown in Figure 10-52. To avoid operation on tran- 
sients, the phase-type CO time-overcurrent units (51) 
are set at 1.5 times the rated shunt reactor current: the 
IIT instantaneous units (50) are set at five times the 
rated current. The ground relay unit (51N) can be set 
at 0.5 to 1.0 A and the relay (50N) at five times the 
51N setting. Both ground units should be set above the 
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а) Тһе Grounded Wye is Not a Ground Source for Ground Faults on 


The Wye Side. 


0-0 
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b) Zig-Zag Windings Provide a Good Ground Source Only on that Side. 


Figure 10-51 = Interconnected Wye zig-zag transformer with Wye phase voltages lagging 30° from zig-zag phase voltage. 


zero sequence current (310) contribution of the reactor 
for faults outside the reactor protection zone. This set- 
ting will avoid operation on line-deenergized oscilla- 
tions. If the reactor is connected to an ungrounded 
system, SON and 51N should be omitted. This scheme 
requires only one set of current transformers. 


10.4 Differential Protection 


Separate-phase differential relays (87), as shown in 
Figure 10-53, are applicable for either three- or single- 
phase reactor units. With single-phase units, the sep- 
arate differential relays aid in identifying the fault. The 
relays detect both winding and bushing faults. Since the 
relays will see magnetizing inrush as a “through” con- 


dition, generator-type relays can be used. Either the 
SA-1 or generator CA-type relays may be applied; both 
provide sensitive internal fault protection (0.14 A for 
the SA-1 and 0.18 A for the CA). The ground relay 
(50М/51М) provides backup protection. 

A single CA-16 or HU-4 relay can be used for a 
ground differential. The four restraints are connected 
to the three lines and one neutral current transformer. 
as shown in Figure 10-54. The minimum pickup of the 
CA-16 is 0.15 A and of the HU-4 is 0.87 A. 

The scheme shown in Figure 10-55 provides an ex- 
cellent combination of phase instantaneous and time- 
overcurrent with ground differential. For single-phase 
reactors, phase faults that do not involve ground cannot 
occur—at least within the tank. Therefore, the three 
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Figure 10-52 Phase and ground instantaneous and time 
overcurrent protection for shunt reactors. 


50/51 relays represent backup protection, which could 
be omitted. 

The type 5А-1 or CA generator differential relays 
or bus differential type KAB relays can also be used 
for the ground differential (87N). Additional security 
can be obtained by using the type CWC relay. partic- 
ularly if the current transformer performance is inferior. 
This connection is shown in Figure 10-36. Also, the 
ratios do not have to be identical. Sensitivity can be 
increased by using a lower-ratio neutral current trans- 
former, as described above. 

When the shunt reactor is grounded and connected 
to an ungrounded system, a CWC relay can be used, 
with the connections shown in Figure 10-37. 


Reactor 





= 50N/51N 


Figure 10-53 Separate phase differential protection with 
ground time overcurrent backup protection for shunt reactors. 
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Figure 10-54 Phase instantaneous and time overcurrent 
with ground differential protection for shunt reactors. 


10.5 Reactors on Delta System 


On delta systems. shunt reactors are usually connected 
to the tertiary of a power transformer associated with 
the line. Since most faults will involve ground. the units 
or associated system are grounded through high resis- 
tance for detection purposes. Neutral resistance ground- 
ing is shown in Figure 10-56, and voltage transformer 
grounding in Figure 10-57 (see Chapter 7). To limit 
both transient overvoltage and ground fault current, the 
resistor is sized so that Iog equals Іс. Since the system 
capacitance to ground is very large, the impedance of 
the associated system is essentially negligible and is not 
shown in the zero sequence diagrams. Whereas the 
primary current for a ground fault is quite small, the 
secondary current will be large. If 59N is used for 
alarm instead of tripping, the secondary current may 
exceed the continuous thermal rating of the voltage 
transformers. 

The CV-8 relay for 59N provides sensitive protec- 
tion: Its pickup is 8% of its continuous rating. For alarm 
applications, the 3E, voltage should not exceed the 69- 
or 199-V rating unless a series resistor is used to limit 
the voltage across the relay to its rating. (See Chapter 8.) 

Phase protection for three-phase reactors can be 
obtained by overcurrent or differential relay schemes. 
Overcurrent protection is the same as for Figure 10-52, 
without 50N/5IN; differential protection is as shown in 
Figure 10-54 or 10-53, without 503/513. The arrange- 
ments offer little protection for single-phase reactors 
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Figure 10-55 Combined phase and ground differential 
protection for shunt reactors. 


unless a second ground fault should develop in another 
unit. 

Although including the reactor within the trans- 
former differential circuit provides some phase-fault 
protection, it offers no ground-fault protection with high- 
impedance grounding. Even the phase-fault protection 
is limited, since the current transformers of the trans- 
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former differential are sized for transformer capacity 
and not the smaller-reactor MVA. 

Low impedance or solid grounding of the reactors 
may be used. In this case, either the 50N/51N neutral 
overcurrent relay (Figures 10-56 and 10-57) or 87N ground 
differential of Figure 10-37 should be applied. 


10.6 Turn-to-Turn Faults 


Light turn-to-turn faults are extremely difficult to de- 
tect. Although the rate-of-rise-of-pressure relay offers 
the greatest sensitivity, its application is limited. The 
reactors must be oil-type, and the fault must cause a 
sufficient pressure change to operate the unit. While 
transformer action in a turn-to-turn fault can produce 
a large current within the shorted turn, there is very 
little current change at the terminals of the unit. The 
effect is equivalent to an autotransformer with a shorted 
secondary. The impedance change that will occur in one 
phase can be represented by symmetrical components 
as a shunt unbalance. As shown in Figure 10-58, imped- 
ance ZA of phase A is not equal to the other two phases. 
shown with a total reactor impedance of ZB. For this 
condition, the sequence networks are connected as shown 
in Figure 10-58. 

Because of the transformer action, the change in 
impedance of the total phase circuit for a shorted turn 
is difficult to calculate. As a rough estimate, assume a 
change of 346 in the phase with the shorted turn. Also 
assume that the fault has not yet involved ground or 
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Figure 10-56 Neutral resistance grounding for ground fault detection. 
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Figure 10-57 Resistance grounding through voltage transformer for ground detection. 
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Figure 10-58 Shunt reactor with a shortened turn іп phase 
“а” so that ZA < ZB and the sequence connections for an 
unbalanced impedance in phase “а.” 


other phases. Given these assumptions and if we neglect 
phase angles, distributed winding capacitance, and 
transformer action, negative and zero sequence currents 
will be less than 1%. Removing the ground from the 


units does not change the positive and negative se- 
quence currents significantly, although it does eliminate 
the zero sequence. The magnitudes of the currents are 
largely a function of the total reactor impedance; the 
source impedance is relatively low compared to the re- 
actor impedance. 

The small unbalances and sequence currents asso- 
ciated with turn-to-turn faults generally are no larger 
than the normal or tolerable unbalances. Consequently, 
there seems to be no reliable “handle” to distinguish 
between the intolerable and tolerable conditions. Al- 
though special schemes or relays have been reported, 
they will require very careful “customized” applications. 

As the turn-to-turn fault spreads to more turns, the 
current will increase. The РОО negative sequence relay 
will operate at 0.2-A negative sequence. The relay should 
be applied with a timer to avoid operation on system 
transients and external faults and should be disabled 
when the breaker is opened. This latter safeguard avoids 
possible operation on low-frequency line oscillations 
after the line is deenergized. With very little resistance 
in the line, such oscillations can last an appreciable time. 
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Station-Bus Protection 
H. J. Li 


1. INTRODUCTION 


A bus is a critical element of a power system, as it is 
the point of convergence of many circuits, transmission, 
generation, or loads. The effect of a single bus fault is 
equivalent to many simultaneous faults and usually, due 
to the concentration of supply circuits, involves high- 
current magnitudes. High-speed bus protection is often 
required to limit the damaging effects on equipment 
and system stability or to maintain service to as much 
load as possible. The bus protection described refers to 
protection at the bus location, independent of equip- 
ment at remote locations. 


11 Ct Saturation Problem and Its Solutions on 


Bus Protection 


Differential protection is the most sensitive and reliable 
method for protecting a station bus. The phasor sum- 
mation of all the measured current entering and leaving 
the bus must be 0 unless there is a fault within the 
protective zone. For a fault not in the protective zone, 
the instantaneous direction of at least one current is 
opposite to the others. However, a current transformer 
saturation problem can result from the large number of 
circuits involved and the different energization levels 
encountered in these circuits for external faults. For 
example, if there is an external fault on one circuit of 
a six-circuit bus, five of the current transformers may 
supply varying amounts of fault current, but the sixth 
and faulted circuit must balance out the total of all the 
others. Consequently, this circuit is energized at a much 
higher level, near saturation or with varying degrees of 
saturation, giving rise to possible high false differential 
currents. 

For the same reasons, ас saturation also is unequal. 
Пс saturation is much more serious than ac saturation 
because a relatively small amount of dc from an asym- 
metrical fault wave will saturate the current transformer 
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core and appreciably reduce the secondary output. The 
L/R ratio of the power-system impedance, which de- 
termines the decay of the dc component of fault current, 
should strongly influence the selection of the bus pro- 
tective relaying. Typically, the dc time constants for the 
different circuit elements can vary from 0.01 sec for 
lines to 0.3 sec or more for generating plants. The nearer 
a bus location is to a strong source of generation, the 
greater the L/R ratio and the slower the decay of the 
resulting dc component of fault current. 

Of the several available methods for solving the un- 
equal performance of current transformers. four are in 
common use: 


1. Eliminating the problem by eliminating iron in the 
current transformer [a linear coupler (LC) system] 
Using a multi-restraint, variable-percentage differ- 
ential relay, which is specifically designed to be 
insensitive to dc saturation (CA-16 relay system) 
Using a high-impedance differential relay with a 
series resonant circuit to limit sensitivity to ct sat- 
uration (KAB relay system) 
Using a restraint differential relay with moderately 
high impedance to limit sensitivity to ct saturation 
(REB-100) 


2. 





1.2 Information Required for the Preparation of 


a Bus Protective Scheme 


Some bus protection schemes rely on the operation of 
a remote breaker. It is simple and economic. but slow 
(zone-2 trip) and may interrupt unnecessarily a tapped 
load. When local bus protection is applied. the follow- 
ing information is required for the scheme selection, 
relay selection, and setting calculations: 


1. Bus configuration information about the bus con- 
figuration is required. The common bus arrange- 
ments are as shown in Figure 11-1, such as single 
bus, double bus, main-and-transfer bus, ring bus, 
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Station-Bus Protection 


breaker and a half, bus tie-breaker, double-bus- 
single-breaker, etc. 
2. Maximum and minimum bus fault currents (single- 
phase-to-ground fault and three-phase fault) 
3. Current transformer information, including 
Current transformer location 
Current transformer ratios 
Current transformer accuracy class 
Current transformer saturation curves 
4. Operating speed requirement 


1.3 Normal Practices on Bus Protection 
The normal practices on bus protection are: 


1. There is опе set of bus relays per bus section. 

2. Use a dedicated ct for bus differential protection. 
If possible, the connection of meters, auxiliary cts, 
and other relays in differential-type bus schemes 
should be avoided since these devices introduce an 
additional burden into the main circuit. 

3. Lead resistance, as well as ct winding resistance, 
contributes to ct saturation. Therefore, the length 
of secondary lead runs should be held to a minimum. 

4. Usually, the full-ct secondary winding tap should 

be used. This has two advantages. It minimizes the 

burden effect of the cable and, second, leads by 
minimizing the secondary current and makes use 
of the full-voltage capability of the ct. 

Normally, there is no bus relay required for the 

transfer bus on a main-and-transfer bus arrange- 

ment, because the transfer bus is normally deener- 
gized and will be included in the main bus section 
when it is energized. 

6. No bus relay is required for a ring bus because the 

bus section between each pair of circuit breakers is 

protected as a part of the connected circuit. 

Special arrangements should be considered if there 

is any other apparatus, such as station service trans- 

formers, capacitor banks, grounding transformers, 
or surge arresters, inside the bus differential zone. 

8. There is no simple scheme available for a double- 
bus-single-breaker arrangement (Figure 11-1e), be- 
cause its current transformers are normally located 
on the line side (refer to Section 9 of this chapter 
for more information). 


UA 


= 


2. THE LINEAR COUPLER DIFFERENTIAL 
SYSTEM 


The linear coupler scheme provides a highly reliable 
bus protection. Of the four systems commonly in use, 
it has a fast operating time; is the easiest to apply, set, 
and maintain; and can readily accommodate switching 
or changes in the bus layout. Since iron is eliminated, 
an air-core transformer, a linear coupler, is required. 
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Adding a linear coupler can be a disadvantage. partic- 
ularly in existing installations where adequate current 
transformers exist. 

Linear couplers are air-core mutual reactors wound 
on nonmagnetic toroidal cores. Linear couplers are de- 
signed to fit into the same space as a conventional cur- 
rent transformer. Bushing or wound-type units are 
available for most of the voltage classes. Typical units 
are shown in Figure 11-2. They are usually mounted in 
a circuit breaker or transformer bushing. The single 
conductor through the center of the unit forms the pri- 
mary of an air-core reactor and provides a definite linear 
relationship betwen the primary current and secondary 
voltage. By design, 5 V are induced per 1000 A of pri- 
mary current, producing a mutual impedance Xm of 
0.005 for 60 Hz, that is 


E Ін X X, volts 


sec ~ Apri (11-1) 
The linear couplers have a negligible dc response, so 
only the steady-state conditions need be considered. 
The linear coupler method of differential protection is 
a voltage differential scheme in which a series circuit is 
used. The linear coupler protective system for a typical 
four-circuit bus is shown in Figure 11-3. 

All the linear coupler secondaries of a particular phase 
are connected in series with one LC relav to form a 
closed loop. Under normal conditions or when external 
faults occur. the induced voltages in all the linear cou- 
plers add to 0. On the internal faults. the net voltage 
will operate the relay. For the simple series circuit shown 
in Figure 11-4, 


2E 
lL, = > 
Zr + ÈZ. 
XLagX 
= брит | 11-2 
Zr + 27, (112) 
where 
Ir = current in linear coupler secondary and relay 
E, = voltage induced in linear coupler secondary 
һа = primary current in each circuit, rms sym- 


metrical 





Bushing Type 


Wound Type 


Figure 11-2 Linear couplers input devices. (Appearance 
is similar to conventional iron core current transformers.) 
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External Fault 





Figure 11-3 The linear coupler bus protective system with 
typical values illustrating its operation on internal and external 
faults. 


X,, = linear coupler mutual reactance 
= 0.005 0 for 60 Hz 
Z, = self-impedance of linear coupler secondary 


Zp = relay impedance 


п2с 28 LC 


LC Trip 





Figure 11-4 Three-phase application schematic for the lin- 
ear coupler protection system. 
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The lead impedance can be neglected since it is negli- 
gible compared with a 30- to 80-0 relay impedance and 
2- to 20-О self-impedance of each linear coupler. The 
self-impedance of the linear couplers is a function of 
the design and is stamped on the nameplate. The stated 
self-impedance of the linear coupler is accurate to within 
+ 59%. 

The mutual impedance, accurate to within +19. 
determines the spread between the maximum external 
fault for no tripping and the minimum internal fault for 
which the relays are set to trip. For the external fault 
shown in Figure 11-3, the worst possible case would 
occur if the linear couplers on all the unfaulted source 
circuits were out by +1%, and the linear coupler on 
the faulted circuit was out by ~ 1%. Maximum error is 
thus 2%. With this maximum error, if the relay were 
set to operate for an X-ampere internal fault, it would 
also trip for 50Х-атреге external faults. 

If we apply a 2:1 safety factor, the recommended 
application range between the maximum external fault 
and minimum internal fault is specified as 25:1. The 
external fault usually will be a solid three-phase fault. 
whereas the internal fault will usually be a line-to-ground 
fault. Two relays are applied with linear couplers: the 
LC-1 and LC-2 relays. 

The LC-1 relay was originally designed for high-fault 
current buses and operates at 0.5 to 8 VA. The LC 
was designed for light-fault current buses and operates 
at 0.0085 to 0.062 VA. The typical energy curves for 
the LC-2 are shown in Figure 11-5. Operating experi- 
ence has shown, however, that the LC-2 relay can also 
be used for high-fault current buses if a resistor is used 
to limit the operating current within the recommended 
range. 

The LC-1 relay has a plunger operating unit (ac con- 
tactor switch) connected through an impedance-matching 
autotransformer with 30-, 40-, 60-, and 80-0 taps. These 
taps represent the approximate internal impedance “қ 
of the relay. Above 115% of pickup, the time of op- 
eration is 16 msec or less. 

The LC-2 relay consists of a polar unit energized 
through a full-wave rectifier and impedance-matching 
transformer with 30-, 40-, 60-, 80-0 taps. A contactor 
switch makes the relay less susceptible to shock. The 
20- to 30-msec operating time includes 12 msec for the 
contactor switch. 

When systems are grounded through a current-limiting 
impedance or the 25:1 current ratio requirement is not 
met, a fourth or ground-type LC-2 relay may be required. 


2.4 Applying Linear Coupler Bus Protection 


The first step in setting linear coupler relays is to de- 
termine the maximum fault current that can flow through 
the bus on a fault external to the bus. This value is 
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Figure 11-5 Typical energy curves for the type LC-2 relay. 


divided by 25 to give the minimum setting. Comparing 
this calculated value with the minimum fault current 
for an internal fault on the bus will indicate if a ground 
relay is required. 

The relay operating voltage is obtained by multiply- 
ing the minimum setting current by 0.005. The relay 
tap should be approximately equal to the total self- 
impedance of all the linear couplers in the circuit, since 
maximum energy transfer exists when these impedances 
are matched. Close matching is only important if the 
minimum setting is critically near minimum fault. In 
fact, deliberate mismatching can be used when the relay 
current is higher than the relay range. 


2.2 Setting an Example for Linear Coupler Bus 
Protection 


А typical example will illustrate the application and 
setting of the linear coupler bus relay. 

A section of 230-kV bus has six circuits (three trans- 
mission lines, two transformer banks to the 115-kV sys- 
tem, and one bus tie). The maximum external fault is 
23,800 A rms symmetrical, and the minimum internal 
fault 1800 A rms symmetrical. The linear couplers on 
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the six circuits have the following self-impedance: 


Transformer bank #5 9.8 + 110.75 
Transformer bank #4 39-і 6.6 
Line 582 43 +j 7.2 
Line 382 4.3 + } 7.5 
Line 682 3.0 +j 3.6 
Bus tie 10.7 + j 12.7 

У7с = 36.0 + j 48.35 


The linear coupler relays are set as follows. 


Step 1 The primary current 





Step 2 Since Ij; is smaller than the minimum fault 
current (1800 A), three LC-2 relays can be used (no 
ground relay). 
Step 3 Тһе sum of the linear coupler self-impedances 
is 
“с = 36.0 + j 48.35 
= 60.28/53.33* Q 
Step 4 Selecting the LC-2 relay 60-О tap and assuming 
that Zp = 60222° О = 55.63 + j 22.48 Q, we get the 
total secondary circuit impedance 
Zs = Zc + Zr 
= (36.0 + j 48.35) + 
= 91.63 + j 70.83 


(35.63 - | 22.48) 


ог 
Z, = 115.81237.7° Q 

Step 5 From Equation (11-1), we obtain 
Xmlpri = 952 x 0.005 


vi 


= 4.76 V 
Step 6 Equation (11-2) yields 
224.76 
"^ 115.81 
= 0.0411 A 


Step 7 From Figure 11-6, for Ip = 45 mA and the 
60-0 tap, Zp = 46/ 22° Q instead of the assumed 60 0 
of step 4. This modification gives the total secondary 
circuit impedance 


= (36.0 + j 48.35) + 
78.65 + | 65.58 


(42.65 + |1723) 


or 
Z, = 102.4239.82° 0 
Repeating step 6, we get 
4.76 
= ——— = 5 
Ip 1054 0.0465 А 
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Since this current is above the recommended setting 
level shown in Figure 11-5, a resistor should be used to 
reduce the relay current. 
Step 8 If we use а 19-0 resistor in parallel with the 
LC-2 coil, and assume a coil impedance of 44/ 22° О 
for the 60-О tap, with a relay current of 35 mA, the 
resistor/coil parallel combination has an impedance of 

_ 19 x 48222° 

~ 19 + 48222° 

= 13.8226.2° 

= 13.74 + |1490 
Step 9 Again, as in step 4 above, the total secondary 
circuit impedance is 

7, = (36.0 + j 48.35) + (13.74 + j 1.49) 
= 49.74 + j 49.84 


That is, Z, = 70.4245.06° Q. 
Step 10 In step 6, 

_ 4.76 
ес 70.4 

= 0.0676 A 


The current in the relay coil of the parallel combination 
is 


I 


_ 0.0676 x 19 
i 66.0 
— 0.0195 A 
Step 11 From Figure 11-6, Zp = 56722? © for 19.5 
mA on the 60-0 tap. 
To adjust, repeat step 8. The total secondary circuit 
impedance is 
= 19 x 56/22° 
* 19+ 56222° 
= 14.3825.6° 
= 1434+ 51.40 
If we repeat steps 9 and 10 above, the total secondary 
circuit impedance Z, is 
Zs = (36.0 + j 48.35) + (14.3 + 11.4) 
= 70.74245.32° 0 


р = 476 
“105 
= 0.0674 A 
and the current in the relay coil is 
19 
Ip = 0.0674 х — 
с 74 
- 0.0173 А 
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For Ip = 0.0173 А on the 60-0 tap, Figure 11-6 indi- 
cates that Zp = 58/22° О. Since this value is quite 
close to the 56 22? value used in step 7, the calculation 
need not be carried any further. In most applications, 
one or two calculations are sufficient. 

The relay should be adjusted to trip at I = 0.0173 A 
on the 60-О tap by using the magnetic shunts at the 
rear of the polar-element assembly. 

If, for this example, the maximum fault current were 
increased to 35,200 A, the calculation would be 

35,200 
pi = 55 = 1408 A 

Xmlpri = 1408 x 0.005 = 7.04 V 
With the same 60-0 relay tap, step 11 is repeated using 
Zp = 52222 О. Thus, the combined resistor/coil 
impedance is 

_ 19 x 52/22° 
© 19 + 52/22° 
= 14.1225.84° 
= 14.05 + 11440 
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Figure 11-6 Typical impedance curve for the type LC-2 
relay. 
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The total secondary impedance Zs is 
75 = (36.0 + 148.35) + (14.05 + j 1.44) 
= 50.05 + j 49.79 
That is, Zs = 70.6244.85° Q. 


NURSES. 
se С 706 
= 0.0997 A 
19 
Ip = 0.0997 x "n 
- 0.0268 A 


This current is within the recommended operation range 
as indicated in Figure 11-5. Thus, an increase in current 
does not change the installation; it only requires a relay 
adjustment. 


2.3 Frequency Response of Linear Couplers 


Linear couplers transform all frequencies very effi- 
ciently. Bus differential applications with back-to-back 
switched capacitors can produce very high-frequency, 
high-voltage transients. Magnitudes of 4.75 kV rms at 
2900 Hz have been measured across the linear coupler 
secondaries. Type RVS signal arrestors can be used on 
the linear coupler secondaries to clip these transients. 
They have a 60-Hz spark-over value of 1100 V rms, an 
impulse spark-over of 2600 V, and discharge voltage levels 
between 1100 and 1600 V for 1500 to 5000 A (8 x 20 
ms wave crest). As the nonsymmetrical breakdown of 
the arrestors can produce momentary false relay cur- 
rent, an 8- to 12-ms delay should be added to the relay, 
particularly type LC-1. 


2.4 Advantages and Summary 


As illustrated in the above example, the linear coupler 
bus protection system can easily accommodate system 
changes and future expansion. In addition, it can be 
applied to an unlimited number of circuits. 

Since the linear couplers do not contain iron, there 
are no saturation or transient problems. The setting is 
calculated using only Ohm's law. The operating time 
is less than 32 ms for the LC-2 and 16 ms for the 
LC-1. Both relays require minimum panel space. The 
operating voltages are safe for personnel and well within 
the insulation limits of all connected apparatus. Since 
linear couplers may be open- or short-circuited with 
complete safety, circuits can be switched among several 
bus sections much more easily than conventional cur- 
rent transformers. 

In connecting linear couplers, the four wires from 
the star-connected couplers should be transposed with 
respect to all other circuits and carried in the same 
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conduit or duct. If a multiconductor cable is used, the 
other conductors should not be employed unless there 
is no possibility of their inducing tripping voltages into 
the linear coupler circuits. 

Manual test auxiliaries are used to check the scheme 
during installation and at regular test intervals. To check 
for correct connections and a shorted coupler, three 
high-resistance voltmeters are connected across the re- 
lays. With load currents flowing, these voltages should 
be very low or 0. Since the circuit might also be open 
at some point. a second test. which requires opening 
the trip circuit, is also applied. A low series voltage of 
0.6 or 1.2 V is introduced into the differential source. 
Approximately half this test voltage will appear across 
the voltmeter; the remainder will appear across the rest 
of the loop. An open circuit will cause the voltmeter to 
register 0 voltage or full test voltage, depending on 
whether the coupler or relay circuit is open. 


3. MULTIRESTRAINT DIFFERENTIAL SYSTEM 


Multirestraint differential schemes use conventional 
current transformers, which may saturate on heavy ex- 
ternal faults. For this reason, the secondary current 
output may not represent the primary. In a differential 
scheme, the current transformers and relay function as 
a team. When the current transformers do not perform 
adequately. the relay can within limits make up for the 
deficiency. For this scheme. a more complex relay is 
required than that described for the linear coupler bus 
protection system. More elaborate application rules are 
also necessary, since there is a limit of current trans- 
former performance beyond which the relay cannot 
compensate. 

The multi-restraint differential scheme uses the CA- 
16 variable-percentage differential relay. which consists 
of three induction restraint units and one induction op- 
erating unit. Two of the units are placed opposite each 
other and operate on a common disc. In turn, the two 
discs are connected to a common shaft with the moving 
contacts. All four of the units are unidirectional; that 
is, current flow in either direction through the windings 
generates contact-opening torque for the restraint units 
or contact-closing torque for the operating unit. Each 
restraint unit (called R, S, and T) also has two windings 
to provide restraint proportional to the sum or differ- 
ence, depending on the direction of the current flow. 
If the currents in the two paired windings are equal and 
opposite, the restraint is cancelled. Thus. the paired 
restraint windings have a polarity with respect to each 
other. With this method six restraint windings are 
available. 

In addition to providing multiple restraint, the variable- 
percentage characteristic helps in overcoming current 
transformer errors. At light fault currents, current trans- 
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former performance is good, and the percentage is small 
for maximum sensitivity. For heavy external faults, cur- 
rent transformer performance is likely to be poor, and 
the percentage is large. The variable-percentage char- 
acteristic is obtained by energizing the operating unit 
through a built-in saturating autotransformer. 

The saturating autotransformer also presents a high 
impedance to the false differential current, which tends 
to limit the current through the operating coil and to 
force more equal saturation of the current transformers. 
On internal faults, in which a desirable high differential 
current exists, saturation reduces the impedance. A fur- 
ther advantage of the saturating autotransformer is that 
it provides a very effective shunt for the dc component, 
appreciably reducing the dc sensitivity of the operating 
units. At the minimum pickup current of 0.15 + 5% A, 
the restraining coils are ineffective. 

When using the CA-16 relay, the current trans- 
formers should not saturate when carrying the maxi- 
mum external symmetrical fault current; that is, the 
exciting current should not exceed one secondary am- 
pere, rms. This requirement is met if the burden imped- 
ance does not exceed 


(Ns Vc. - (Техт р 100) |8; 


1.33 lext His) 


where 


Np = proportion of total current transformer turns 
in use 
Ver = current transformer accuracy-class voltage 
Івхт = maximum external symmetrical fault current 
in secondary (amperes rms) (use І-хт = 100 
if Техт <100) 

К; = current transformer secondary winding resis- 
tance of the turns in use (in ohms). For ex- 
ample, if the 400:5 tap of a 600:5 wye- 
connected class C200 current transformer is 


used, then 
Np = 400/600 = 0.67 
VeL = 200 


If Ірхт = 120 A and Rg = 0.5 О, then the burden 
of the ct’s secondary circuit, excluding current trans- 
former secondary winding resistance, should not exceed 


0.67 x 200 - (120 - 100)0.5 
1.33 x 120 





- 0.780 


Settings for the CA-16 relay need not be calculated. 
Field experience indicates that one CA-16 relay per 
phase is satisfactory for the vast majority of applications. 

External connections are as shown in Figures 11-7 
through 11-9. Figures 11-7 or 11-8 may be used if only 
three circuits are involved. The term circuit refers to a 
source or feeder group. 
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Figure 11-7 Connection of one CA-16 relay per phase to 
protect a bus with three equivalent circuits. (Connections for 
one phase only are shown.) 


When several circuits exist and the bus can be re- 
duced to four circuits, then the scheme of Figure 11-8 
may be used. For example, assume a bus consists of 
two sources and six feeders, and that the feeders are 
lumped into two groups. The bus now reduces to four 
circuits. 

In paralleling current transformers, each feeder group 
must have less than 14-A load current (restraint coil 
continuous rating). 

If the bus reduces to more than four circuits, then 
the scheme of Figure 11-9 should be used. In applying 





Restraint Windings 
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Transformer 





Figure 11-8 Connection of one CA-16 relay per phase to 
protect a bus with four equivalent circuits. (Connections for 
one phase only are shown.) 
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the overcurrent unit would be 


ее 2R; + Rs 
a FR, + Rs + Ra 





where R, is the resistance in the differential path. 

In order to reduce the error current I, in the differ- 
ential path for improving the sensitivity of the scheme, 
the most effective way is to increase the value of Rg. 
The limitations of this additional resistance are deter- 
mined by (1) the overvoltage to the ct circuit and (2) the 
minimum available internal fault current. It should be 
limited to 


у 
= HEH 0 
4 X Imin pickup 


Ка 


Note: The multiplier 4 includes a safety factor of 2. 


5. HIGH-IMPEDANCE DIFFERENTIAL SYSTEM 


Although the high-impedance differential scheme also 
uses conventional current transformers, it avoids the 
problem of unequal current transformer performance 
by loading them with a high-impedance relay (Figure 
11-12). 

This arrangement tends to force the false differential 
currents through the current transformers rather than 
the relay operating coil. Actually, the high-impedance 
differential concept comes from the above "improved 
overcurrent differential approach. It uses a high- 
impedance voltage element instead of “а low imped- 
ance overcurrent element plus an external resistor." 

The high-impedance differential KAB relay consists 
of an instantaneous overvoltage cylinder unit (V), a 
voltage-limiting suppressor (varistor), an adjustable tuned 
circuit, and an instantaneous current unit (IT). 

On external faults, the voltage across the relay ter- 
minals will be low, essentially 0, unless the current 
transformers are unequally saturated. On internal faults, 
the voltage across the relay terminals will be high and 
will operate the overvoltage unit. Since the impedance 
of the overvoltage unit is 2600 О, this high voltage may 
approach the open-circuit voltage of the current trans- 
former secondaries. The varistor limits this voltage to 
a safe level. 

Since offset fault current or residual magnetism exists 
in the current transformer core, there is an appreciable 
dc component in the secondary current. The dc voltage 
that appears across the relay will be filtered out by the 
tuned circuit, preventing relay pickup. 

The IT current unit provides faster operation on se- 
vere internal faults and also backup to the voltage unit. 
The range of adjustment is 3 to 48 A. 

The KAB relay has successfully performed opera- 
tions up to external fault currents of 200 A secondary 
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and down to an internal fault current of 0.27 A sec- 
ondary. Its typical operating speed is 25 msec. 

The overvoltage unit is set by calculating the maxi- 
mum possible voltage for an external fault as follows: 


Vg = K(Rs + R) E (11-4) 


where 


Vg = pickup setting of the V unit, in volts, rms 
Rs = dc resistance of current transformer secondary 
winding, including internal leads to bushing 
terminals 
К; = resistance of lead from junction points to the 
most distant current transformer (one-way lead 
for phase faults, two-way lead for phase-to- 
ground faults) 
I; = maximum external primary fault current, in 
amperes, rms, contributed by the bus 
N = current transformer turns ratio 
K = margin factor 


The maximum voltage occurs for the external fault 
when the faulted circuit current transformer is com- 
pletely saturated, and there is no saturation in the source 
current transformers. The maximum voltage is equal to 
the resistance drop of the secondary current through 
the leads and secondary winding of the saturated cur- 
rent transformer. In practice, the faulted current trans- 
former will never completely saturate, and the source 
current transformers will tend to saturate. As a result, 
the actual maximum voltage is less than the theoretical 
value. The margin factor K, which modifies this voltage. 
varies directly with the current transformer saturation 
factor SF 


1 (Rs + ЕМІР 


11-5 
SF NV, 19) 


V, = knee voltage value of the poorest current trans- 
former connected to the relay. For type KAB 
relay application, the knee voltage is defined 
as the intersection of the extension of the two 
straight-line portions of the saturation curve. 
The ordinate and abscissa must use the same 
scales. 


The margin factor curve, shown in Figure 11-13, is based 
on tests of the KAB relay in the high-power laboratory. 
A safety factor of 2 has been included in constructing 
this curve. 

The maximum number of circuits that can be con- 
nected to the relay, or the minimum internal fault cur- 
rent required to operate the relay, can be estimated 
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Figure 11-12 External connection of type KAB bus differential relay. 
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Figure 11-13 Empirical margin factor for setting the 
V-unit of the KAB relay. 


from the following equation: 


Іль = (ХІ. + Ig + IV)N (11-6) 
where 
Lmin = minimum primary fault current, in amperes, 


rms 

I, = secondary excitation current of the current 

transformer at a voltage equal to the setting 

value of the V unit, in amperes 

current in the V unit at setting voltage Vg. in 

amperes, that is, Ip = Vp/2600 

Іу = current in varistor circuit at a voltage equal 
to the setting value of the V unit. in amperes; 
see Figure 11-14 

N = current transformer turns ratio 

X = number of circuits connected to the bus 


-- 
x 
li 


In general, the following factors should be considered 
when applying a high-impedance bus differential relay. 
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Figure 11-14 Typical volt-ampere characteristic of the KAB 
relay. 


5.1 Factors Which Relate to the Relay Setting 


The V-unit setting of the KAB relay is based on the 
calculated result of Equation (11-4), which is deter- 
mined by the values of K, Rs, Кү, and Ip. In order to 
keep this setting value within the available relay range 
of 75 to 400 V, it is necessary to keep the values of 
(Rs + R,) and any additional burden in the ct sec- 
ondary as low as possible. This includes the consider- 
ation of the following: 


Use fully distributed winding current transformers, such 
as bushing-type ct's, or current transformers with 
toroidally wound cores, such as those used in metal- 
clad equipment. These ct's provide a negligible leak- 
age reactance, and only the Rg value has to be used 
in Equation (11-4) for the setting calculation. 

The use of auxiliary ct's is not recommended because 
the auxiliary ct impedance, which is normally high, 
has to be included in the setting calculation. 

The best location for the junction point is electrically 
equidistant from all ct's parallel in the switchyard. 
This will minimize the R, value for the setting 
calculation. 


Note: The lead resistance from the junction point to the 
relay terminals is not critical. 


5.2 Factors Which Relate to the High-Voltage 
Problem 


All ct’s in the bus differential circuit should be operated 
on their full-tap position. Refer to Figure 11-15; a 
high voltage will be induced on the unused portion 
of the ct circuit due to autotransformer action. 

All current transformers should have the same ratio. If 
taps must be used, the windings between the taps 
must be completely distributed, and any high voltage 
at the full-tap terminal caused by autotransformer 
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Figure 11-15 High voltage induced by autotransformer 
action. 


action should be checked to avoid insulation break- 
down. In general, auxiliary ct's should not be used 
to match ratios. 


6. SETTING EXAMPLE FOR THE KAB BUS 
PROTECTION 


Assume a six-circuit bus for which the maximum ex- 
ternal three-phase fault current is 60,000 A rms, sym- 
metrical; the maximum external phase-to-ground fault 
current is 45,000 A, and the minimum internal fault 
current is 10,000 A. The current transformer ratios are 
2000:5, ANSI class C400, V, is 375 V. The secondary 
winding resistance Rg is 0.93, and one-way lead resis- 
tance to junction point R, is 1.07 0. 


6.1 Settings for the V Voltage Unit 


For the three-phase fault condition [using Equation 
(11-5)] 

1 (0.93 + 1.07)60,000 08 

SF Т 400 х 375 кай 
From Figure 11-13, 1.2 > K > 0.82 (use the lower value 
of 0.82 for sensitivity); therefore, using Equation 
(11-4), we get 





60,000 
400 
For the phase-to-ground fault condition 
1 (0.93 + 2 x 1.07) x 45,000 

SF - 400 x 375 


And from Figure 11-13, 1.1 > K = 0.77; therefore. 
using Equation (11-4) yields 


Ук = 0.82 (0.93 + 1.07) = 246 V 





- 0.92 


45,00 
Ук = 0.77 (0.93 + 2 x 1.07) T - 266 V 
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Figure 11-16 Typical setting curve for the IT-unit of KAB 
relay. 


The minimum setting of the V unit in the KAB relay, 
therefore, should be 266 V, the larger value for either 
the three-phase or phase-to-ground conditions. as 
calculated. 


6.2 Setting for the IT Current Unit 
The IT setting is determined from Figure 11-16. The 


higher value is used as the ordinate as determined from 
the three-phase and phase-to-ground fault. Thus, for 


Ly 2 Lx 


———— 
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the example, the ordinate value is 
0.93 + 1.07)60,000 
Three-phase fault = ШЕ а тоям = 300 
400 
Phase-to-ground fault 
Ж (0.93 + 2 х 1.07)45,000 — 345 


400 


In Figure 11-16 using 345, the IT unit setting is deter- 
mined to be 12 A for KAB. 


7. BUS DIFFERENTIAL RELAYING WITHA 
MODERATELY HIGH-IMPEDANCE RELAY 
TYPE RYDSS, RADSS, OR REB-100 


The type RYDSS, RADSS, and REB-100 relays use 
the same operating principle, except the RYDSS and 
RADSS are static, and the REB-100 is a micropro- 
cessor-based design. They are high-speed, with fault 
detection in 1 to 3 ms, and moderately high-impedance 
for both phase- and ground-fault bus protection. They 
combine the advantages of high-impedance and per- 
centage restraint differential characteristics in one unique 
operating principle, which provides reliable operation 
for internal faults and secure restraint on external faults. 
Thev can accommodate a large range of line ct ratios. 
other relavs mav be included with the same ct circuit. 
and the bus arrangement can easilv be changed or added 
to without concern. 

The relay generally connects to the system with a 
special auxiliary ct required for each restraint circuit 
when 5-A-rated cts are used. One restraint circuit is 
required for each phase of each circuit or combination 





Figure 11-17 Medium impedance differential relay. 
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Figure 11-18 Typical application of HU-4 relay for pro- 
tecting a large transformer bank associated with HV and EHV 
buses. (Auxiliary current transformers for ratio matching are 
not shown.) 


of circuits connected to the bus. The auxiliary ct permits 
the use of unmatched ct ratios to bring the overall ratios 
into agreement and permit the possible use of other 
burdens in the ct circuits. 

Figure 11-17 is a simplified schematic of the type 
REB-100 relay. The relay operates on the principle of 
a differential comparison between all incoming and out- 
going lines to the bus. Circuits Lj, La, ..., Ц are 
connected to auxiliary cts TM,, ТМ,..., TM,, re- 
spectively, which balance the main ct ratios. Current 
fed into the relay becomes I; ,, 1,2, . . . , Ij x, combining 
for a total input of I; at terminal К. The comparator 
circuit is made up of resistors Rs, Каз, Rai, and trans- 
former Tmp. Resistor Rg, across which is developed the 
restraint voltage Ус, is composed of two equal resistors. 
Operate voltage V44 is developed across resistor Кз. 
The differential resistor Rg, is a series connection of 
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Figure 11-19 Protection of a typical transformer section 
where the transformer tertiary is brought out for load or con- 
nected to an external source. 
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resistors that are connected depending on the charac- 
teristics of the ct's and the required total circuit resistance. 

Тһе Тул, is a toroidal core transformer. The voltage 
developed across the primary Va; is proportional to the 
differential current 14). This produces the transformed 
secondary voltage Vaz. Secondary current 14; flows in 
such a way as to develop operating voltage Vaz. How- 
ever, the relay will not operate until V4, is greater than 
the restraint voltage Vs. 

The toroidal reactor T,,7 and associated diodes D1 
and D2 make up the voltage-limiting circuit. The start 
function is used to supervise the trip. 


8. PROTECTING A BUS THAT INCLUDES A 
TRANSFORMER BANK 


Ideally, when the bus includes a power transformer 
bank, separate protection should be provided for the 
bus and transformer, even though both protection 
schemes must trip all breakers around the two units. 
Such a system offers maximum continuity of service. 
since faults are easier to locate and isolate. Also, using 
a bus differential relay for bus protection and trans- 
former differential relay for transformer protection pro- 
vides maximum sensitivity and security with minimum 
application engineering. 

However, economics and location of current trans- 
formers often dictate that both units be protected in 
one differential zone. For these applications, either the 
multirestraint HU-4 or CA-26 or the REB-100 relays 
should be used. 

The HU-4 relay is similar to the HU and HU-1 relays. 
except that it has four restraint windings. Also, the 
rectified outputs of the restraint transformers are con- 
nected in series, providing a higher restraint force when 
a through fault occurs on the bus. Since the dc satu- 
ration of current transformers will allow current to pass 
into the HRU transformers and possibly pick up the 
IIT, the IIT unit of the HU-4 relay is set at 15 times 
the rms tap value to prevent false tripping for external 
faults. 

Similar to the CA-16, the CA-26 relay has a stronger 
contact spring and higher pickup of 1.25 + 5% A to 
help override inrush. Its variable restraint curve is steeper 
than the CA-16, and its operating time is approximately 
three cycles. 

Of the two types, the HU-4 relay is preferred, as it 
is immune from operation on transformer magnetizing 
inrush. The HU-4 should always be applied for large 
transformer banks or those associated with HV and 
EHV buses. A typical application, shown in Figure 11- 
18, protects a three-winding transformer bus with four 
circuits. Figure 11-19 illustrates another typical appli- 
cation used in EHV systems. 
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Figure 11-20 Fully switched scheme. 
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Figure 11-21  Paralleled switched scheme. 
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Figure 11-22  Paralleled switch with check zone scheme. 


The CA-26 relay is applicable to relatively small 
transformers remote from generating stations, HV. and 
ЕНУ buses. Here, inrush will usually be light and not 
cause the CA-26 to operate. If, however, complete se- 
curity against inrush is required, the HU-4 must be 
applied. 

With CA-26 relays, the four-circuit bus connections 
of Figure 11-8 are not recommended for bus protection, 
since the relay may have too much restraint for a bus 
fault. 

The bus CA-16 relay should not be used for the 
transformer differential, since it is too sensitive to over- 
ride magnetizing inrush. 


9. PROTECTING A DOUBLE-BUS SINGLE 
BREAKER WITH BUS TIE ARRANGEMENT 


The double-bus single breaker with bus tie (Figure 11- 
le) provides economic and operating flexibility com- 
parable to the double-bus double-breaker arrangement 
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(a) FULL DIFFERENTIAL SCHEME 


(b) PARTIAL DIFFERENTIAL SCHEME 


Figure 11-23 Partial differential protection. 


(Figure 11-1c). However, the ct's are normally on the 
line-side location, which results in increased differential 
relaying problems. Two different approaches have been 
used in the bus protection of such arrangements: the 
fully switched scheme (Figure 11-20) and the paralleling 
switch scheme (Figure 11-21). They are both compli- 
cated (inserting switch contacts in the ct circuits) and. 
or imperfect in protection. These schemes either re- 
quire switching ct's and/or disabling the bus protection 
before any switching operation. This is a period when 
the probability of a bus fault occurring is high and it is 
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Figure 11-24 Directional comparison bus protection. 
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Figure 11-25 Fault bus. 


most desirable that the bus protection be in service. A 
third scheme as shown in Figure 11-22 can be consid- 
ered. It is similar to the paralleling switched scheme 
except a check-zone relay is added as shown. Two bus 
differential zones are provided, one for each bus, with 
each one overlapping the bus breaker. Each primary 
circuit is normally switched to a specific bus, and relay 
input circuits and breaker control circuits are wired ac- 
cordingly. The additional check-zone device supervises 
the trip circuits. If it becomes necessary to clear one of 
the buses, all the primary circuits may be switched to 
the opposite bus and it is needless to disable the bus 
protection before any switching operation. However, 
this scheme still has two drawbacks when any one or 
all of the primary circuits is switched to the opposite 
bus: (1) It will lose its selectivity, and (2) it will reduce 
its sensitivity since the two relays are paralleled. 


10. OTHER BUS PROTECTIVE SCHEMES 


Other methods for protecting buses are in limited use: 
(1) partial differential schemes, (2) directional com- 
parison relaying, and (3) the fault-bus method. Except 
for the latter, these schemes are most often applied as 
economic compromises for the protection of buses. 


10.1 Partial Differential Relaying 


This type of protection is also referred to as “bus over- 
load" or “selective backup" protection. It is a variation 
of the differential principle in which currents in one or 
more of the circuits are not included in the phasor sum- 
mation of the current to the relay. 

In this scheme, only the source circuits are differ- 
entially connected, as shown in Figure 11-23, using a 
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high-set overcurrent relay with time delay. The ct's pro- 
tecting the feeders or circuits are not in the differential. 

Essentially. this arrangement combines time-delay 
bus protection with feeder backup protection. The sen- 
sitivitv and speed of this scheme are not as good as with 
complete differential protection. This method may be 
used as a backup to a complete differential scheme, as 
primary protection for a station with loads protected 
by fuses. or to provide local breaker failure protection 
for load breakers. 

Some partial differential circuits use distance-type 
relavs in the scheme. The use of a distance relay for 
this scheme produces both faster and more sensitive 
operation than the overcurrent scheme. 


10.2 Directional Comparison Relaying 


Occasionally, it is desirable to add bus protection to an 
older substation where additional ct’s and control cable 
are too costly to install. In this instance, the existing ct 
circuits used for line relaying can also be used for the 
directional comparison bus relaying protection. 

As shown in Figure 11-24, the directional comparison 
relaying uses individual directional overcurrent relays 
on all sources and instantaneous overcurrent relays on 
all feeders. The directional relays close contacts when 
fault power flows into the bus section. Back contacts 
on the overcurrent relays open when the fault is external 
on the feeder. All contacts are connected in series. and 
when the fault occurs on the bus. the trip circuit is 
energized through a timer. A time delay of at least four 
cvcles will allow all the relavs to decide correctly the 
direction of the fault and to permit contact coordination. 

In this scheme. the ct’s in each circuit do not require 
the same ratio and can be used for other forms of re- 
laying and metering. 

The disadvantage of this scheme is the large number 
of contacts and complex connections required. There 
is also the remote possibility of the directional elements 
not operating on a solid three-phase bus fault as a result 
of 0 voltage. 


10.3 Fault Bus (Ground-Fault Protection Only) 


This method requires that all the bus supporting struc- 
ture and associated equipment be interconnected and 
have only one connection to ground. An overcurrent 
relay is connected in this ground path as shown in Figure 
11-25. Any ground fault to the supporting structure will 
cause fault current to flow through the relay circuit, 
tripping the bus through the multiple contact auxiliary 
tripping relay. A fault detector, energized from the neu- 
tral of the grounded transformer or generator, prevents 
accidental tripping. This scheme requires special con- 
struction measures and is expensive. 
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Line and Circuit Protection 
H. J. Li and F. CALERO 


1. INTRODUCTION 


1.4 Classification of Electric Power Lines 


Alternating-current lines are commonly classified by 
function, which is related to voltage level. Although 
there are no utility-wide standards, typical classifica- 
tions are as follows: 


1. Distribution (2.4 о 34.5 kV). 
ting power to the final users. 

2. Subtransmission (13.8 to 138 kV). Circuits trans- 
mitting power to distribution substations and to bulk 
loads. 

3. Transmission (69 to 765 kV). Circuits transmitting 
power between major substations or interconnect- 
ing systems, and to wholesale outlets. Transmission 
lines are further divided into: 

(a) High-voltage (HV): 69 to 230 kV 
(b) Extra-high-voltage (EHV): 345 to 765 kV 
(c) Ultra-high-voltage (UHV): greater than 765 kV 


Circuits transmit- 


1.2 Techniques for Line Protection 


Most faults experienced in a power system occur on the 
lines connecting generating sources with usage points. 
Just as these circuits vary widely in their characteristics, 
configurations, length, and relative importance, so do 
their protection and techniques. 

There are several protective techniques commonly 
used for line protection: 


Instantaneous overcurrent 

Time overcurrent 

Directional instantaneous and/or time overcurrent 
Step time overcurrent 

Inverse time distance 

Zone distance 

Pilot relaying 


метла 
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1.3 Selecting a Protective System 


Several fundamental factors influence the final choice 
of the protection applied to a power line: 


1. Type of circuit. Cable, overhead, single line, par- 

allel lines, multiterminals, etc. 

Line function and importance. Effect on service 

continuity, realistic and practical time requirements 

to isolate the fault from the rest of the system. 

3. Coordination and matching requirements. Com- 
patibility with equipment on the associated lines 
and systems. 


2: 


To these three considerations must be added economic 
factors and the relay engineer's preferences based on 
his or her technical knowledge and experience. Because 
of these many considerations, it is not possible to es- 
tablish firm rules for line protection. This chapter, how- 
ever, will focus on basic application rules and coordi- 
nation procedures to aid the engineer in the selection 
of proper protective systems for both phase and ground 
faults with the techniques as listed in Section 1.2, except 
for pilot relayings. Also, this chapter will cover the basic 
protective concept of series-compensated transmission 
lines using distance relay techniques. 


1.4 Relays for Phase- and Ground-Fault 
Protection 


Relay systems for the phase-fault protection of power 
lines are outlined in Table 12-1, those for ground faults 
in Table 12-2. 


1.5 Multi-terminal, Tapped Lines, and Weak 
Feed 


The protection of multi-terminal. tapped lines, and weak 
feed will also be discussed in this chapter. Multi-ter- 
minal and tapped lines, although usually economical in 
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Table 12-2 Relay Protection Svsiems for Ground Faults 





Basic relay type 











Type of protection Device no. Electromechanical Static or numerical? 
Time overcurrent 51М СО МСО, ММСО,51 
МІСКО-51 
Instantaneous and time 50N/51N CO with IIT МСО. MMCO, 51 
overcurrent МІСКО-51 
Product overcurrent 67N CWC or CWP 
Instantaneous and product 67М/50М CWC or CWP with 
overcurrent ПТ 
Directional time overcurrent 67N CRC, CRP. CRD. MMCO ~ 32D or 20. 
or CRQ МІСКО-5: ~ 32D or 320. 
51- 32D or 32Q 
Instantaneous and directional 67N CRC, CRP, CRD. ММСО- 32D or 220. 
time overcurrent or CRQ with IIT 51- 32D er 32Q. 
MICRO-31 + 32D or 32Q 
Directional instantaneous 67N KRC, KRP, KRD. 50D + 32D or 320° 
overcurrent or KROQ 
Directional instantaneous 67N/50N IRC, IRP, IRD, MMCO + 32D, 
and 32Q or IRQ 51 + 32D, or 32Q 
Directional time overcurrent 
Three-zone distance system 21N Three KDXG plus Two SDG-2T plus SDG-4T, 
КЕТ or KDTG plus two TD-5 (or one 
. TD-52) 
Three-zone distance system 21N MDAR 
Zone distance system 21N REL-100 





“Type numbers refer to ABB circuit-shield types. Certain functions require two relays. with the output of the controlling relay wired to the 


torque-control input of the second relay. 
Select 50D with a 0.01 to 0.03 adjustable range. 


clear faults at (4) and (5) and between them, the breaker 
at G must be tripped. 

However, none of the relays at the breaker locations 
can distinguish whether the remote fault is on the pro- 
tected line, the remote bus, or an adjacent line. The 
relays at H, for example, cannot distinguish between 
faults at (1) and (2), since the current magnitude mea- 
sured at H will be the same in either case. Opening 
breaker H for fault (1) is not desirable, since it would 
interrupt the load at R unnecessarily. Two techniques 
are available to solve this problem: time delay or pilot 
relaying. The later requires a communication channel 
between the two stations and is covered in other chap- 
ters in this book. 





Load Load Load 


Figure 12-1 А typical radial feeder. 


2.2 Time Overcurrent Protection 
2.2.1 Time-Delay Relaying 


Time relaying delays the operation of the relay for a 
remote fault, allowing relays and breakers closer to the 
fault to clear it, if possible. In the example shown in 
Figure 12-1, relays at H will delay for faults at (1) or 
(2). 1f the fault is at (1), this delay will allow the R 
relays and breaker to operate before H. Thus, although 
Н would not open for a fault at (1) (unless the К relays 
or associated breaker failed), it would operate for a fault 
at (2). This technique, called coordination or selectivity. 
is designed to combine minimum operating time for the 
close-in faults with a long enough delay for remote faults. 
In Figure 12-1, e.g., the relays and breaker at R must 
coordinate or select with those to the right (not shown). 
H must coordinate with R, and G with H. 


2.2.2 Coordination 


Relays are coordinated in pairs. If. in Figure 12-1, breaker 
H relay tripping characteristics have already been co- 
ordinated with whatever protective devices exist at R 
and beyond, the breaker at G must then be coordinated 
with those at H. 
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For the three critical fault points, (5), (3), and (2), 
the following data are required: 


1. Faultat (5). Maximum and minimum fault currents. 

2. Fault at (3). Maximum fault current, which de- 
termines the required coordination between break- 
ers G and H. 

3. Fault at (2). Minimum fault current, which de- 
termines when the G relays must operate to provide 
backup protection for faults on line HR not cleared 
by the breaker at H. 


Relays within a system can be coordinated using graphs 
or tables, although graphs are generally more useful for 
radial systems. Semilog (log abscissa for current and 
linear ordinate for time) or log-log paper can be used. 
Log-log is preferred when a number of different types 
of devices, including fuses, are being coordinated on 
one graph. The current scale can be in primary amperes 
or per unit. Any difference in current transformer ratios 
must be taken into consideration when determining ac- 
tual relay currents at different locations. 

The coordination procedure is conducted as follows 
(Figure 12-2). First, assume that the desired relay type 
(tap range and time characteristic) and current trans- 
former ratio have been determined. (The selection of 
these variables will be discussed later in this chapter.) 
Then perform the following: 


1. Determine the critical fault locations and fault cur- 
rent values. 

2. .Plot these variables on the time-current graph, 
drawing vertical lines at the various values. 

3. Determine the setting for the most downstream re- 
lay for the maximum and minimum fault currents. 
Set the relay as sensitive and fast as possible if there 
is no other device downstream that has to be co- 
ordinated with. For example, consider the relay R 
in Figure 12-1. However, if there is some other 
device, such as a power fuse, to the right of this 
relay, then relay R should be coordinated with the 
power fuse first. If there are no other devices to 
coordinate with downstream, set the overcurrent 
relay equal to or greater than 2.0 maximum load. 

4. Plot the operating time of relay R on the time- 
current graph, shown as XR and YR points in Fig- 
ure 12-2, respectively. 

5. Add a one-step coordinating time interval (CTI); 
(see Section 2.2.3 below) to points XR and YR. 
This step gives two set points for the characteristic 
curve of the relay at H. 

6. Select a tap for relay H to operate for fault (1) 
minimum and, for a phase relay, not to operate on 
maximum load. The fault (1) minimum should op- 
erate the relay on at least twice pickup, although 
compromises may be necessary (see Section 2.2.4 
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Maximum Faults 





Minimum (3)-(4) 
Maximum 


Time 





Current 
Backup Zone Series ы Primary Protection 
for Relay "H" for Relay "Н" Zone for Relay "G" 
k- Backup Zone for Relay "6" 


Minimum Faults 









Uy ke) i І ‘ 
Г . Н + 

лур! i | | 

Maximum | R 1 ! 

+ (3)-(4) i ! | 

| Minimum (3)-(4) ! 


Maximum 


Time 






(5) 
Maximum 
! 





Current 


Primary 
Бс Protection Primary Protection 
one | Zone for Zone for Relay "G" 


Reloy"H" 
E Bockup Zone 
for Relay "G" 
Figure 12-2 Coordination setting procedure for relays at 
breaker “С” of Figure 12-1. 


below). For phase relays, the setting must alwavs 
be above the maximum load. 

7. Selecta time lever such that the relay H time-current 
curve passes through or above one or both of the 
set points XR and YR and provides the minimum 
operating time for maximum and minimum fault. 

8. Repeat the above steps for each time section “ир- 
stream." For example, add a one-step CTI to XH 
and ҮН in Figure 12-2 for relay H, respectively. 
then select a tap and time lever for relay H, etc. 


2.2.8 Coordinating Time Interval 


The coordinating time interval is the minimum interval 
that permits the remote (upstream) relay and breaker 
to clear a fault in its operating zone. Factors influencing 
the CTI are as follows: 


1. Breaker fault interruption time 
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2. Relay-impulse-time overtravel of the induction disk 
or solid-state relay after the fault current has been 
interrupted 

3. Safety margin to compensate for possible deviations 
in calculated fault currents, relay tap selection, re- 
lay operating time, and current transformer ratio 
errors 


For coordinating at above approximately three times 
minimum trip current (at least two times the setting 
value), the CTI should be in the range of 0.2 to 0.5 sec. 
Larger CTIs should be used on the steep part of the 
curve to compensate for errors below a multiplier of 3. 
A СТІ of 0.3 sec is commonly used. Lower values should 
be used only after careful consideration of 1 through 3 
above. 


2.2.4 Selecting an Overcurrent Relay Tap 


As indicated above, phase overcurrent relays must not 
operate on the maximum load current that can occur 
on the line. Situations in which temporary overloads 
may occur, such as the cold loads discussed in the next 
section, must be factored into the value used for setting 
the overcurrent relays. Thus, it is important for the relay 
engineer to cooperate with the operating engineers in 
determining the maximum possible load for each cir- 
cuit. This maximum-value STM (short-time maximum 
load) can differ from the rating of the line and is the 
value that should be used for setting the relays. 

The tap (minimum pickup value of the phase over- 
current relays) should be at least 2 (a safety factor for 
security) times normal maximum load and generally not 
less than 1.5 times. If we assume that the STM is greater 
than the normal maximum load, the tap can be selected 
as the next available tap greater than 1.25 STM. 

Dependability should be checked once the relay tap 
is selected. Figure 12-8, the minimum fault current L,,, 
through the relay for a fault on the remote bus H, 
divided by 2 (a dependability factor), should be greater 
than the selected tap value if the relay is set for pro- 
tecting the line only, or the minimum fault current Ішіп 
through the relay for a fault on the remote bus R, 
divided by 2, should be greater than the selected tap 
value if the relay is set for protecting the line and remote 
backup of the line (HR) beyond. 

Current transformers are normally selected to pro- 
vide secondary currents between 4 and 5 A during rated 
maximum load. As a result, the phase relay taps will 
usually be above 5 A. 

The above limitation does not apply to ground relays, 
since load current does not produce current in their 
operating windings unless it is unbalanced. To avoid 
operation on possible imbalances in a normally bal- 
anced circuit, a good rule of thumb is to set the ground 
relays for not less than 10% of the maximum load cur- 
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rent. Four-wire distribution circuits will, in general, re- 
quire a much higher setting than this. 


2.2.5 Selecting an Overcurrent Relay Time Curve 


There are five different types of induction-disk over- 
current relavs. a single-phase package, that are used in line 
protection. Their time-current characteristic curves are: 


Definite minimum, CO-6 
Moderately inverse. CO-7 
Inverse, CO-8 

Very inverse. CO-9 
Extremely inverse. CO-11 


Ge rper 


These time-current characteristics are compared in Fig- 
ure 12-3. The time lever settings are selected so that all 
relays operate in 0.2 sec at 20 times the tap setting. 

The microprocessor-based overcurrent relay, type 
MCO, is a single-phase one, and type MMCO is a three- 
phase and ground package. All the above time-current 
curves are built in these relays, and can be selected by 
settings. The equations for the MCO or MMCO time- 
current curves are 





K D 
- -----|---- > 
T (sec) |" + M- т 24.000 forM21.5 
R D à 
= | ——_ e. 
la: = 5| тоо ОМ To 


Т = trip time, in seconds 

D = time dial setting from 1 to 63 

M = operating current in terms of multiple of tap 
setting 

То = definite time term 

K = scale factor for the basic inverse time 

P = an exponent determining inverseness 
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Figure 12-3 Type CO curve shape comparison. 
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To, К, С, P, апа R аге constants and are shown as 
below: 








Curve по. To K C P R 

CO2 111.99 735.00 0.675 1 501 
CO5 8196.67 13,768.94 1.130 1 22,705 
CO6 784.52 671.01 1.190 1 1475 
CO7 524.84 3120.56 0.800 1 2491 
COS 477.84 4122.08 1.270 1 9200 
CO9 310.01 2756.06 1.350 1 9342 
СО11 110.00 17,640.00 0.500 2 8875 


Operating time as shown in Table 12-3 illustrates that 
the MCO or MMCO provides a fairly good time-current 
characteristic for coordinating with the conventional type 
of CO relay. Similar curves and other variations are 
available in the IMPRS and МІСКО-51 relays. 

The choice of a relay time-current characteristic is a 
function of the sources, lines, and loads. Since these 
factors vary throughout a system, a characteristic that 
is ideal for one line and one operating condition requires 
compromises for other conditions and associated lines. 

If possible, time curves with the same or approxi- 
mately the same characteristics should be used. Iden- 
tical or similar curves applied at different places in the 
system tend to “track” together as operating conditions 
change. If different time characteristic curves must be 
used, all possible operating conditions must be checked 
carefully to ensure that the CTI is maintained for se- 
lective tripping. (Using similar characteristics, in other 
words, minimizes coordination studies.) 

Fixed- and inverse-time characteristics for a system 
are compared in Figure 12-4. The last feeder supplying 
one load center can be protected with an instantaneous 
overcurrent device set into the load. Since no coordi- 
nation at the load is involved, no time delay is required, 
as shown with bus R in both time-distance charts. 

In the upper chart of Figure 12-4, the fixed-time 
characteristics approximate the definite minimum time 
(CO-6). The relay at H is coordinated with R, and G 
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and H, as shown. The advantage of this arrangement 
is that the operating times are relatively constant and 
independent of changes in fault levels from maximum 
to minimum generation. On the other hand, the op- 
erating times for heavy faults near the source are very 
long. For this reason, this arrangement is not practical 
when there are more than one or two radial feeders 
from the distribution substation. 

The lower chart of Figure 12-4 shows inverse-time 
relay characteristics. For faults near the relay, partic- 
ularly for the maximum conditions, operating times are 
very short. Unfortunately, as system conditions change 
from maximum to minimum, operating times vary con- 
siderably. Even though this arrangement can produce 
very long operating times for minimum faults near the 
remote bus, it is commonly used. 

Line length is also an important factor. For a short 
line, one whose impedance is low compared to the source 
impedance, the fault currents for the close-in and far- 
end faults are essentially the same; that is, the inverse- 
time characteristic gives a relatively fixed operating time 
over the line. In such cases, the definite minimum time 
characteristic is preferred, since the operating time will 
not vary as much for different generation levels as with 
inverse relays. 

In general, the following apply: 


1. Тһе flatter curves (CO-6 and CO-7) are more suit- 
able when: 

(a) There are no coordination requirements with 
other types of protection devices farther out 
in the system. 

(b) The variation in current for faults at the near 
and far ends of the protected circuit is too small 
to take advantage of the inverse characteristic. 

(c) Instantaneous trip units give good coverage 
(see Section 3.1). 

2. The "inverse-time" relay (CO-8) provides faster 
clearing time than the “more inverse-time" relays 
for low-energy faults. This would be advantageous 
on long lines where the available fault current is 








Table 12-3 
Conventional CO MCO or MMCO 
Time Time of operation Time Time of operation 

Type of dial at 4x pickup current dial at 4X pickup current 
relay set at (Figure 12-3) (Sec) set at (Sec) 
CO-6 0.6 0.25 6 0.25 
CO-7 1.0 0.40 7 0.44 
CO-8 1.2 0.60 7 0.58 
CO-9 2.1 0.70 11 0.62 
CO-11 5.0 2.00 31 2.00 
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Figure 12-4 Comparison of fixed time vs. inverse time 
overcurrent relays on radial feeder circuits. 


much less at the end of the line than at the local 

end. It does not provide much margin for cold load 

pickup. 

The steeper (more inverse) curves (CO-9 and CO- 

11) are more suitable when: 

(a) Fault currents are significantly different for 
the close-in and remote faults (for example, 
when the line impedance is large compared to 
the source impedance). 

(b) There is an appreciable current inrush on serv- 
ice restoration (cold load). 

(c) Coordination with other types of devices with 
inverse characteristics, such as fuses and re- 
closers, is required. 


General Comments on Curve Shape Selection. There 
is no known scientific means of determinating the ideal 
curve shape for a specific application, except to make 
preliminary setting calculations. However, some gen- 
eral comments can be made 


Ge 


1. Use a CO-6 definite minimum time relay when co- 

ordination is not a problem. 

Use a CO-6 relay for short line application. 

Use a CO-11, extreme inverse-time relay when fuses 

are involved. 

4. The more inverse shape (CO-8, СО-9, and CO-11) 
is more suitable in loop systems. 


„ә 12 
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5. Use a comparable shape within a system segment 
for easier coordination. 


One of the advantages of using a microprocessor-based 
overcurrent relay (MMCO, МСО, IMPRS, МІСКО-51) 
is that a different time curve can be selected in the same 
device without changing the unit. 


2.2.6 Effect of Extended Load Outage/Cold-Load 
Inrush 


A particularly critical load for distribution circuits serv- 
ing residential and commercial loads is the high tran- 
sient current inrush that may occur when a feeder is 
energized after a prolonged outage. For these “‘cold- 
load" conditions. the diversitv of intermittent loads is 
lost: Consumers tend to leave more than the normal 
load connected, and thermostatically controlled equip- 
ment will start as soon as the voltage is restored. The 
overall effect is a very high initial current, or cold-load 
inrush. 

In general, the pickup of time overcurrent relays 
cannot be set above this transient without severely com- 
promising protection. Setting the relay below the tran- 
sient will cause it to begin to operate on the cold load; 
however, the current will decrease below the pickup 
value before the relay has time to operate. 

A current-time curve for the cold-load inrush on a 
typical feeder is shown in Figure 12-5. Since such curves 
vary considerably with different feeders, each utility 
must develop its own system history and probability 
data. If we assume that the time-overcurrent CO relays 
are set at twice the normal maximum load, they will 
receive operating current for the first 2.3 sec that the 
feeder is energized (Figure 12-5). The average current 
for this period is 3.4 p.u., an equivalent of 1.7 times 
pickup. To prevent tripping the breaker, then, the relay 
operating time at 1.7 times the tap value should be 
slightly more than 2.3 sec (about 2.5 sec). For the CO- 
9 very inverse relay, this condition requires a time dial 
setting of 1.25; for the CO-11 extremely inverse relay, 
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Figure 12-5 Typical example of feeder load current fol- 
lowing extended outage (cold load inrush). 
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a time dial setting of 0.75 is required. Time dial settings 
of 1.5 for the CO-9 relay and 1.0 for the CO-11 relay 
are suggested, unless operating experience indicates 
otherwise. 

Although the extremely inverse relays provide faster 
fault operations than the less inverse type of relays, 
they still override the cold-load inrush. 


2.2.7 Fuse and Relay Coordination 


Because fuses have a time-current characteristic that 
is much more inverse than most induction-disc time- 
overcurrent characteristics, coordinating these relays and 
fuses can be difficult (Figure 12-6). A fuse curve and 
two sets of relay curves, one for the CO-11 extremely 
inverse relay and one for the CO-9 very inverse relay, 
are plotted оп а linear time vs. logarithmic current scale. 
The right-hand set of relay curves provides a good mar- 
gin of protection at high levels of fault current, but is 
unsatisfactorily slow for medium values of fault current, 
particularly with CO-11 characteristics. If the right CO- 
11 curve were moved to the left, it would coordinate 
better at higher current values. As shown in Figure 12- 
6, the curve would then cross the fuse curve at lower 
values of fault current. Usually, either the very inverse 
(СО-9) or extremely inverse (CO-11) characteristic can 
be set to coordinate with fuses. By adjusting the tap 
and time lever settings, areas of crossing such as those 
shown in Figure 12-6 may impose impractical or im- 
possible operating conditions on the circuit. 


Time (Linear Scale) 





Current (Logarithmic Scale) 


Figure 12-6 Current (logarithmic scale) comparison of fuse 
and relay curves. 
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When plotting fuse curves, the following three time 
characteristics must be considered: 


1. Maximum time that the fuse will carry current with- 
out suffering damage (partial melting), which would 
change its operating characteristics ` 

2. Melting time for the fuse links 

3. Total clearing time for the fuse to clear the circuit 


The first two characteristics are used for coordination 
with protective devices beyond the fuse. Normally, curves 
based on the melting-time characteristic are provided 
with a *'safety band"; in this case, maximum time curves 
are not required. The total clearing-time characteristic 
is used for coordination with other protective devices, 
including relays, ahead of the fuse. 


2.3 Instantaneous Overcurrent Protection 


Adding instantaneous trip units to time-overcurrent re- 
lays provides high-speed relay operation for close-in 
faults and may also permit faster settings on the relays 
in the adjacent section. 

Instantaneous trips may be used on a circuit if the 
maximum close-in fault current is on the order (1.1 to 
1.3) or more times the maximum fault current on bus 
H; see Figure 12-7. 


Limax > (1.1 to 1.3) Lmax (12-1) 
The factor of (1.1 to 1.3) in Equation (12-1) is for pre- 
venting the instantaneous unit from overreaching. In 
other words, the instantaneous unit must operate for 
as many of the line faults as possible, but to avoid 
miscoordination, it must not operate for the far-end 
fault. The greater the ratio of close-in to far-end faults. 
the more of the line the instantaneous unit will protect. 
In terms of system constants and setting, the reach or 
coverage of three-phase faults on a line can be deter- 
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Figure 12-7 Connections for overcurrent ground relay. 





Line апа Circuit Protection 


mined as follows: 


= SRO =K) +1 








12-2 
x (12:2) 
where 
n = per unit of line section length protected by 
the instantaneous unit 
К, = instantaneous unit pickup current, Irr 
maximum far-end fault current, I; 
SIR - source impedance ratio 


source impedance, Zs 





— protected line impedance. Z, 


Refer to Appendix A in this chapter for more infor- 
mation about Equation (12-2). 

Recommended values of K, are 1.3 for the solenoid 
or plunger units with transient overreach (IIT, SC, IT 
units), 1.2 for static or mumerical units (MCO, LI units), 
and 1.1 for the cylinder units with negligible transient 
overreach (KC-2, KC-4, KO, KR, and IR types). The 
value of 1.25 can be used as a general factor. 

The minimum value that can justify the use of an 
instantaneous unit for line protection is a matter of 
choice. Since the relative cost of adding the IIT units 
to CO relays is quite low, they are recommended even 
when the line coverage is low for maximum faults and 
0 for minimum faults. The arrangement provides fast 
protection for the most severe, heavy, close-in faults. 

Cold-load inrush may be above the instantaneous 
unit setting desired for maximum fault protection. To 
avoid operation when a setting above this inrush is not 
practical, the instantaneous trip circuit can be manually 
opened at restoration and left open until the instanta- 
neous trip unit resets. For manual operation, a slip 
contact on the control switch that is open while the 
switch is held in the “close” position prevents operation 
until the inrush subsides to drop out the instantaneous 
unit. If set above cold-load inrush, the instantaneous 
trip unit setting should be at least three times the over- 
current tap setting, or around six times the normal max- 
imum load. 


2.4 Overcurrent Ground-Fault Protection 


Ground overcurrent relays are for faults involving zero 
sequence quantities, primarily single-phase-to-ground 
faults and sometimes two-phase-to-ground faults. With 
a few significant differences, the general application 
rules for phase relays also can be applied to ground 
relays. 

The directional or nondirectional overcurrent types 
are used widely at most voltage levels. In addition to 
their lower cost and complete independence of load, 
the power system provides more rapid attenuation of 
current with distance and the relatively higher inde- 
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pendence of system changes. This makes their appli- 
cation and setting easier than for phase relays. 

Ground relays usually can be set and coordinated 
independently of phase relays. even though the faulted 
phase current does flow through the one or more phase 
relavs for a single-phase-to-ground fault. The primary 
reason for this independence is that ground relays are 
set at one-fitth to one-tenth of the sensitivity of phase 
relays. The more sensitive settings obtainable with ground 
overcurrent relavs may mean a higher burden on the 
current transformers and their performance should be 
checked as described in Chapter 5. 

A circuit тау be protected with a single. nondirec- 
tional overcurrent ground relav. as shown in Figure 
12-8. Positive and negative sequence currents are bal- 
anced out at the current transformer neutral, so only 
3I, currents pass through the ground relay (S0N/51N). 
Since, under normal balanced conditions, 31, is at or 
approaches 0, a very low pickup current is used, typi- 
cally 0.5 to 1.0 A. Although ground-fault currents on 
distribution circuits are generally higher at the substa- 
tion than phase-fault currents, they decrease at a much 
greater rate with the distance from the substation be- 
cause X, is considerably larger than X, for the feeder 
circuits. With the exception of fault current values, the 
application and coordination of the nondirectional ov- 
ercurrent relavs are the same as for phase relavs. as 
given above. 

As with phase relavs. instantaneous ground trip can 
be used to improve relaving. particularlv for close-in 
faults. Instantaneous ground-trip units are more appli- 
cable in general. with the higher attenuation of the fault 
currents with distance. Unless care is exercised in the 
choice of settings. high transient overloads and unequal 
current transformer performance can give rise to "false 
residual currents" and. hence, misoperation. 

The choice of a relay time characteristic for line pro- 
tection is usuallv limited to the inverse or very inverse 
tvpe (CO-8 or CO-9). The very inverse type is the more 
commonly used. However, when coordination with fuses 
and/or series trip reclosers is required, an extremely 
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Figure 12-8 Criteria for a directional unit requirement at 
relay breaker “А.” 
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inverse characteristic (CO-11) would probably be pref- 
erable. 

The foregoing descriptions can be summarized as 
follows: 


1. Factors that are favorable to ground-fault protection: 


Normally load current does not affect the ground-relay 
operation. This means that the ground relay can be 
set more sensitively than the phase relay. 

Ground relays are not affected by out-of-step condi- 
tions. 

Ground relays always have available the unfaulted phase 
voltages for polarizing. They may not require a mem- 
ory-circuit. 

The higher zero sequence line impedance Zor, as com- 
pared with the positive line impedance Z4; , may al- 
low one to use a high-set ground overcurrent unit 
and make coordination easier than for phase faults. 

The zero sequence isolated system makes coordination 
easier. 


2. Factors that are not favorable to ground-fault 
protection: 


Most of the time, ground faults involve higher fault 
resistance; this may introduce an over- or underreach 
problem to the relay. 

Zero sequence mutual effect may cause a ground-relay 
directionality problem. 

The zero sequence current distribution factor is not 
equal to the positive sequence current distribution 
factor, except for a single end feed condition; this 
makes the ground relay more complicated than the 
phase relay in design. 

The ground relay faces more problems than the phase 
relay on reverse fault clearing (e.g., contact bounce, 
unequal pole clearing, etc.). 


3. DIRECTIONAL OVERCURRENT PHASE- AND 
GROUND-FAULT PROTECTION 


3.1 Criteria for Phase Directional Overcurrent 
Relay Applications 


When there is a source at more than one of the line 
terminals, fault and load current can flow in either di- 
rection. Relays protecting the line are therefore subject 
to fault power and reactive flowing in both directions. 
If nondirectional relays were used, they would have to 
be coordinated with not only relays at the remote end 
of the line, but also the relays behind them. Since di- 
rectional relays operate only when fault current flows 
in the specified tripping direction, they avoid both this 
complex coordination and the possibility of compro- 
mising line protection. 
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Figure 12-7 shows a line, with a source at each end, 
that could be a section of a loop. The following pro- 
cedure determines the criteria for a directional unit by 
comparing the currents flowing чон the relay for 
faults at either bus. 


3.1.1 For Phase Directional Time-Overcurrent 
Relays 


A directional time-overcurrent relay should be applied 
at G if, as in Figure 12-8, the maximum reverse-fault 
current (L,,,.) for a fault on bus С or the maximum 
reverse-load current Ig; „ла through the relay exceeds 
0.25 (this value includes the safety factor 2 and de- 
pendability factor 2) times the minimum fault current 
Lmin through the relay for a fault on the remote bus Н 
for the protection of the line only, or the minimum Ішіп 
through the relay for a fault on the remote bus R if the 
relay is set for the protection of the line on the remote 
bus R and remote backup of the line (HR) beyond. In 
other words, a directional relay should be used when 


Loss or Tros ыш 0. 25 (12-3) 


Imin or Ismin 


3.1.2 For Phase Directional Instantaneous-Trip 
Overcurrent Relays 


A directional instantaneous-trip overcurrent unit should 
be used if the maximum reverse-fault current I4max 1s 
greater than the maximum I,,,,, (Figure 12-8). Also, as 
mentioned in Section 2.3 before, for instantaneous-trip 
overcurrent application, the criteria as shown in Equa- 
tion (12-1) should be met. 


3.2 Criteria for Ground Directional Overcurrent 
Relay Applications 


With a few significant differences, the general rules of 
application for directional overcurrent phase relays also 
apply to ground relays. Normal balanced load current 
is not a consideration. However, the ground overcur- 
rent unit still should be set above any maximum ex- 
pected unbalanced load current. 


3.3 Directional Ground-Relay Polarization 


To determine the direction to a fault, a directional relay 
requires a reference against which line current can be 
compared. This reference is known as the polarizing 
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quantity and, in this context, reference and polarizing 
are synonymous terms. With zero sequence line cur- 
rent, either a zero sequence current or voltage or both 
must be used. In power systems with mutual induction 
problems, the trend is toward the use of negative se- 
quence quantities for the ground directional unit. 


3.3.1 Voltage (Potential) Polarization 


The zero sequence voltage at or near any bus in an 
inductive power system can be used for polarization. 
The voltage measured on the bus or just on any line 
near the station will have the same direction for any 
fault location. However, the current through the line 
breaker will change direction according to the fault lo- 
cation. 

The polarizing zero sequence voltage is obtained from 
the broken-delta secondary of grounded-wye voltage 
transformers (Figure 12-9). Phase voltages are also re- 
quired for the phase relays, instrumentation, etc. In 
such cases, either a double-secondary voltage trans- 
former or device, or a set of auxiliary wye-grounded, 
broken-delta auxiliary transformers, can be used. The 
voltage across the broken delta is always Vxy equals 
3V,, or Vag plus Урс plus Мес. 


High Voltage 


осо 


Ш 
G 
Voltage Transformers or Devices 


G 
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“ Geb 


Alternate if Double Secondary 
Voltage Transformers or 
b Devices Not Available 


Va 
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Ух ү? 3У0 — Vb 
Vc 


Phasors fora Phase"a" to Ground Fault 


Figure 12-9 Zero sequence polarizing voltage source. 
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3.3.2 Current Polarization 


The current polarization reference depends on the 
availability and connection of the power transformer at 
the relay location. Various bank connections are dia- 
grammed in Figure 12-10. The current in the neutral of 
a wye-grounded delta power transformer can be used 
for polarizing. For almost any ground fault on the wye- 
side system, this current flows up the neutral when cur- 
rent is flowing to the fault. (An exception with high 
mutual induction will be discussed later.) Thus, a cur- 
rent transformer in the neutral measures 31, for Ip cur- 
rent polarization, the polarizing current shown in Figure 
12-10a for a wye-delta bank and that shown in Figure 
12-104 for a zig-zag bank. Wye-wye banks. either 
grounded or ungrounded, cannot be used for polarizing 
(Figures 12-10b and 12-10c). The grounded wye of three- 
winding wye-wye-delta banks can be used (Figures 12- 
10e, f, and g). 

The separate neutral currents of the three-winding 
wye-delta-wye transformers cannot be used for polar- 
izing, but current transformers in each grounded neutral 
must be parallel with inverse ratios, as shown in Figures 
12-10f and 12-10g. If we assume that both the high- and 
low-voltage sides connect to a ground source, ground 
faults on the low-voltage side (Figure 12-10g) result in 
current flowing up the low-voltage neutral and down 
the high-voltage neutral. Conversely. for faults on the 
high-voltage side (Figure 12-104). current flows up the 
high-voltage neutral and down the low-voltage neutral. 
Hence, the reversal in either neutral does not provide 
a reference. By paralleling the two neutral current 
transformers, however, Ip always falls in the same di- 
rection for faults on either side since, on a per unit 
basis, the current flowing down the neutral is always 
less than the current flowing up the other neutral. The 
currents shown in Figure 12-10 assume one per unit in 
the wye windings and one per unit in the delta or ter- 
tiary. The actual current distribution will vary as de- 
termined by the zero sequence network. 

The tertiary or delta winding can also be used as a 
polarizing source. If there are no external circuits from 
the delta, one current transformer connected in any leg 
of the delta will provide Ip. A current transformer is 
required in each of the three windings if the delta is 
connected to external circuits, so that positive and/or 
negative sequence currents can exist during load or faults. 
These current transformers must be connected in par- 
allel to cancel out positive and negative sequence and 
provide 3I, only. 

Autotransformers should not be used for current po- 
larizing without careful analysis because they are fre- 
quently unreliable as a reference. Autotransformers that 
are ungrounded or without a delta tertiary cannot be 
used. Such units can bypass zero sequence in roughly 
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Figure 12-10 Zero sequence polarization from power transformer banks. 


the same way as the wye-wye-grounded banks. A 
grounded autotransformer with a tertiary is shown in 
Figure 12-11. 

For Ground Faults on the High-Voltage Side (Figure 
12-1 1a, if we assume the high-side source is opened for 
simplicity). The zero sequence current flowing through 
the high-voltage winding of the autotransformer is thus 
Ін A. The current flowing in the low-voltage circuit 
will be Кон (Vy/V_) A. Because of the physical con- 
nections, the current in the neutral of the bank is 


V 
Inu = afia - Ko x Iu) 


| 
QW 
M 
о 
I 
Т ғ 
= 


(12-4) 


From this, it is evident that a positive value of (1 — 
KoVy/V_) will assure that the neutral is a reliable po- 
larizing source. 

From the zero sequence network, we obtain 





Zr - 
Ky = 12-5 
(ғ + Z + z) ( | 


Substituting yields 


Inn = 3lou 
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Figure 12-11 


The tertiary current (inside the delta) is 
Vu 
Ітн = Io (1 = Ko) МЗ У; A at Ут (12-7) 


апа вїпсе 





(12-8) 








(12-9) 


For Ground Faults on the Low Voltage Side (Figure 
12-11b, if we assume the low-side source is opened for 
simplicity). Ip, is the zero sequence current in amperes 
from the autotransformer. The current from the high 
voltage system will be Rolo. (Vı/Vn) A at Ун. Again. 
the bank neutral current is 


ү І 
Хы Ес Ro та ы) 
н 


Ын 





у 
= DUE - Ry У) (12-10) 
Ун 
From the zero sequence network, we get 
Zr 
Ro = 12-11 
; (z туа кн) 
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Substituting yields 














Ix, = ЗІ 
V 
x (1 2а —x-—] А (12-12) 
“Фон” ён “т Ун 
The tertiary current (inside the delta) is 
V 
In = lm (S; Ry) =A at Vz (12-13) 
V 3 Vr 
and since 
Фовн + 2н 
1- Rg) = 12-14 
| © рет + 2н + Ly ( 
І = I Zosu БД Ён 
TE OLN Zosu + Zy + Zr 
Уң - 
х A at V 12-1 
Va. ыы; (12:15) 


If the neutral or tertiary current is used for polar- 
izing, Equations (12-6) and (12-12) or (12-9) and (12- 
15) must give a positive operating value for all possible 
variations of Zosu and Zosu. However. in some trans- 
former designs, especially those for autotransformers, 
the Z4, or Z, may be negative, the direction of the Ing 
or Ixy, may be reversed, and this current is not a reliable 
source for polarization, when the combined impedance 
of (Zosu + Zp) or (205) + 271) is a negative value. 
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3.3.3 Dual Polarization 


The approach is called dual polarization if the direc- 
tional ground overcurrent relay uses both zero sequence 
voltage 3V, and zero sequence current I, for polari- 
zation. It provides more flexibility in applications. 


3.3.4 Negative Sequence Polarization 


The negative sequence directional ground unit is op- 
erated by the quantities У, and 1,. One typical design 
operates when L, leads V; by 98°. The output of the 
negative sequence directional unit D, can be used for 
either supervising or the torque control of an 1, (types 
СКО, IRQ, KRQ, LRQ) or I, unit (type LRQ-2). 

Negative sequence relays can be tested easily and 
quickly using load current flow. The directional unit is 
checked by simply interchanging B and C currents and 
voltages to provide negative sequence from the bal- 
anced load quantities. 

Negative sequence directional sensing has become 
increasingly necessary because of a mutual induction 
problem. Refer to Section 3.5 in this chapter for more 
details on applying negative directional sensing relays. 


3.4 Mutual Induction and Ground-Relay 
Directional Sensing 


Transmission lines on the same tower or parallel along 
the same right of way are mutually coupled. For a pos- 
itive and negative sequence, mutual impedances are less 
than 1096 (usually, they do not exceed 3 to 746) of self- 
impedances and can be considered negligible. For zero 
sequence, however, mutual impedance can be 50 to 
70% of the zero sequence self-impedance Zor and is, 
therefore, significant. Mutual impedance affects the 
magnitude of ground-fault currents and can result in 
incorrect directional sensing. 

Figure 12-12 shows two parallel three-phase lines with 
zero sequence isolation, except for mutual coupling. 
The two lines can be completely isolated, or more com- 
monly, tied together to common generation sources. 
The lines can be at the same or different voltage levels. 

A ground fault at or near G on line GH involves no 
directional sensing problems at either station G or H, 
as shown by the I, current directional arrows. The 31, 





Figure 12-12 Mutual coupled transmission lines with zero 
sequence isolation. 
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current flowing from H to G induces a zero sequence 
voltage in the parallel line RS, causing current to flow 
from R to S as shown. The polarizing and operating 
quantities are properly oriented to operate the zero 
sequence quantity-polarized directional ground relays 
at both R and S, so that this current appears as an in- 
ternal line RS fault to the relays at terminals R and 5. 

The zero sequence current рм in line RS induced by 
uniform mutual coupling (Zom) for length GH will be 


-Kol(nZoa) + (1 — К)1(1 — n)Zoy 











In, = 
Es Zosm + Zo, + Zoss 
27 [1 — (n + Ko)HoZom 
Zosn Р Zor + Zoss 
А 
= Уз (12-16) 
Zosr + Zor + Zoss 
where 


п = the per unit fraction of Zi, from bus С to 
the fault 
AVsr = the induced voltage drop from S to К 


As the fault moves from G to H, the induced current 
Ім in line RS will decrease, reverse, and then increase 
in the opposite direction. For example, when (n + К) 
equals 1, I will be 0. If (n + Kọ) is greater than 1. 
then Iom reverses. 

For some conditions and fault locations, it may be 
difficult to set the overcurrent units to distinguish be- 
tween faults on line GH and those on line RS. Mutual 
inductance will also cause incorrect directional sensing 
on line GH for faults on line RS. A similar analysis 
applies. 

Correct directional sensing can be obtained for Fig- 
ure 12-12 if the neutrals of the current transformers can 
be paralleled at G and R, and at H and S as well. A 
practical example of this situation would be parallel 
lines terminating in transformer banks at each end with 
grounded wye on the line side and delta on the bus. 
On a per unit basis, the current flowing up the neutral 
on the faulted line is always greater than the current. 
resulting from induction, flowing down the neutral. 
Hence, paralleling the current transformer provides a 
net current up the neutral for any fault. 

Mutually coupled lines, with only one common bus 
(Figure 12-13a), provide no directional sensing prob- 
lems in most of the conditions, as long as all breakers 
are closed. The problems are as follows: 

1. See Figure 12-13a. For example, zero sequence 
current-flow arrows are for a ground fault near or at 
bus G. The voltage drop between the zero potential 
bus along line SG starting from the transformer at S 15 


losZoss + (lom + 1)7ом 
+ los(Zo - Zom) — сс =“ 
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Figure 12-13 Mutual coupled transmission lines with one 
common terminating bus. 
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ls = (12-17) 
ly; will reverse and flow down the transformer bank 
neutral at station S if the mutually induced voltages are 
greater than the drop across the bank at С. Ies then 
will reverse when 


Ін2ом > 1064056 (12-18) 


2. When one breaker is opened. zero sequence 150- 
lation and incorrect directional sensing can occur. In 
Figure 12-13b, e.g., a fault near G would be cleared by 
breaker 1 relays. When breaker 1 opens, line GS current 
flow reverses, and incorrect directional sensing occurs 
at S. 


3.5 Application of Negative Sequence 
Directional Units for Ground Relays 


A negative sequence directional ground unit can be 
considered in application for any one of the following 
system configurations, as shown in Figure 12-14: 


1. InFigure 12-14a, there are no high-side VT and no 
Ig; source available for the relay polarization. 

2. Figure 12-14b cannot get 3V, from high-side VT; 
it is an open delta connection and/or there is no Ips 
source available. 

3. Figure 12-14c, an autotransformer neutral current, 
is not a reliable polarizing quantity. 

4. InFigure 12-14d, there is mutual induction between 
parallel lines. 

5. In Figure 12-14e, there is a mutually coupled trans- 
mission line with one common terminating bus. 
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Figure 12-14 Typical applications of negative sequence 
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3.6 Selection of Directional Overcurrent Phase 
and Ground Relays 


3.6.1 Available Phase and Ground Overcurrent 
Relays 


Nondirectional phase and ground overcurrent relays. 
Type Hi-Lo CO (single-phase, electromechanical) 
and type MMCO (three or four elements, micro- 
processor-based) relays are suitable for this appli- 
cation. 

Directional phase and ground overcurrent relays. The 
available directional phase and ground overcurrent 
relays are as shown in Table 12-4. 
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3.6.2 Type of Relay Selection 


The procedures for selecting a type of relay for either 
phase or ground protection are as below (refer to Figure 
12-8): 


Step 1 A directional relay should be used, if 


A(Linax or Іа оаа) = (Lmin or Imin) 


Step 2 Ап instantaneous relay can be applied and set 
to underreach. If 


Mons > 2.5 Tomax 


the unit can be set IT > (1.1 to 1.3) Lmax and step 4 
should be checked. 


Table 12-4 Summary of Available Directional Phase and Ground Relays (67/67N) 


Directional unit 


Fault-sensing unit operating quantities 


polarizing or Directional Nondirectional Directional 
operating controlled time- controlled controlled 

Relay type quantities overcurrent unit instantaneous unit instantaneous unit 
CR? L-L voltage Yes Option 
CRC I, Yes Option 
CRP Vo Yes Option 
CRD I, and/or V, Yes Option 
СКО І, апа У, Үе$ Option 
IRV? L-L voltage Yes Yes 
IRC I, Yes Yes 
IRP Vo Yes Yes 
IRD I, and/or У, Yes Yes 
IRD I, and V, Yes Yes 
KRV? L-L voltage Yes 
KRC I, Yes 
KRP Vo Yes 
KRD I, and/or V, Yes 
KROQ I, and V, Yes 
CWC Ig Yes 
CWP Vo Yes 
CWP-1 Vo Yes 
FDOP*^ L-L voltage Yes 
FDOG?4 Yes 
крос“ Yes 
СВ? Үеѕ 
32° L-L voltage 
32D° I, or Vo 
320° I, апа У, 


аРһаѕе units. 
>Built-in MSPC backup апа MDAR systems. 


‘Solid-state high-speed directional units that can be used to control overcurrent relay units such as MMCO, MICRO- 


51, 51, or 50D. 


4Ground units selectable on (1) Vo, (2) V, and/or Io, (3) L and V3. 
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Step З The instantaneous unit should be directional, 
if 


La ах > Dmax 


Example 1 А simple nondirectional overcurrent relay 
(Hi-LO CO or MMCO), or equivalents, can be used if 
steps 1 through 3 are met. However, the optional non- 
directional instantaneous-trip attachment IIT should be 
specified for possible future use. 


Example 2 The type CR family, type CR, CRC. СЕР. 
CRD, and CRO relays, or equivalents. should be used 
if only step 1 is met. However, the optional nondirec- 
tional instantaneous-trip unit IT should be specified for 
possible future use. 


Example З The type CR family with an optional IT 
unit, type CR, CRC, CRP, CRD, and CRO relays, or 
equivalents, should be used if steps 1 and 2 are met. 
Example 4 Тһе type IRV family, type IRV, IRC, IRP, 
IRD, and ІКО relays, should be used if all of steps 1 
to 3 are met. 


3.6.3 Evaluation of Ground-Relay Polarizing 
Methods 


Both zero sequence and negative sequence polarizing 
methods require some evaluation to ensure that suffi- 
cient operating quantities are available. Fault studies 
provide the 31, 3Уо, V2, and I, values that exist for 
various faults. 

It should be noted that I, is equal to I, for an un- 
symmetrical fault, only for a single-phase-to-ground fault 
on a radial circuit. 

Typical profiles for Vy and У, are shown in Figure 
12-15. For remote faults, where nZy, can be quite large 
compared to Zr, 3V for the relay at bus С can be quite 
low. Since negative sequence flows through the trans- 
former to the source, V, can be larger than ЗУ. The 
factor of 3 for both 1, and V, helps, but it is still not 
uncommon for V, to be larger than 3V, near a strong 
ground source. 

The variation in negative sequence energy is consid- 
erably less than that for zero sequence. Also, the neg- 
ative sequence energy will often be higher than the zero 
sequence energy for remote phase-to-ground faults. The 
higher zero sequence impedance of lines, in conjunction 
with the remote ground source, highly attenuates the 
Zero sequence distribution to a remote fault. 

Negative sequence directional ground relays are widely 
used because they are not subject to polarization re- 
versals or mutual induction. Neither are they subject 
to switching isolation, which produces mutual reversal; 
they require neither a transformer bank grounded neu- 
tral nor zero sequence voltage transformers. 

Zero sequence generally provides higher relay op- 
erating quantities for short- and medium-length lines, 
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Figure 12-15 Typical voltage profiles for negative and zero 
sequence voltages for ground faults. 


although values can be quite low for remote faults on 
long lines. Current polarization is preferred at stations 
where there are ground sources. since Vo can be very 
small. When there are several power transformer banks 
in a station. the current transformers in all the grounded 
neutrals should be paralleled. This method will avoid 
the loss of polarization if one of the banks is removed 
from service. Zero sequence polarization from auto- 
transformers should be used only after a careful analysis. 

Dual-polarized ground relays offer flexibility. One 
relay type can be used in various applications, as current 
polarized only. potential polarized only. or both, de- 
pending on system conditions. 


4. DISTANCE PHASE AND GROUND 
PROTECTION 


Fault levels are usually high for high-voltage transmis- 
sion circuits and, if faults are not cleared rapidly, they 
can cause system instability as well as extensive damage 
and hazards to personnel. For these reasons, phase dis- 
tance relays are generally used in place of the directional 
overcurrent relays, except at the lower-voltage levels. 
Even at the lower-voltage levels, the trend is toward 
distance relays. For the higher-voltage lines. one or two 
pilot systems are used in conjunction with or as a sup- 
plement to phase distance relays. 

The advantages of the application of a distance relay 
in comparison to that of an overcurrent relay are: 


1. Greater instantaneous trip coverage 
2. Greater sensitivity (overcurrent relays have to be 
set above twice load current) 
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3. Easier setting calculation and coordination 

4. Fixed zone of protection, relatively independent of 
system changes, requiring less setting maintenance 

5. Higher independence of load 


41 Fundamentals of Distance Relaying 


A distance relay responds to input quantities as a func- 
tion of the electrical circuit distance between the relay 
location and point of faults. There are many types of 
distance relays, including impedance, reactance, offset 
distance, and mho. 


41.1 Operation of Distance Relays 


Basically, a distance relay compares the current and 
voltage of the power system to determine whether a 
fault exists within or outside its operating zone. The 
pioneer beam-type distance relay can be used to illus- 
trate the operating principle. Consider a horizontal beam 
pivoted in the center, with a voltage coil on one end 
and current coil on the other. In Figure 12-16, the relay 
coils are connected to a power line through instrument 
transformers. Suppose a solid fault occurs on the line 
at a distance of nZ,, © from the relay. Since the voltage 
at the fault is 0, the voltage Ур on the relay will be the 
IgZ; drop from the relay to the fault. This voltage 
provides a magnetic force or “pull” on one end of the 
beam. If, for this fault, the current or operating force 
Ір on the other end of the beam is adjusted to equal 
the voltage or restraint force Vg, the beam will be bal- 
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Figure 12-16 Beam type distance relay. 
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anced. That is, 


Ve _ 1041 


12-19 
Ip Ip yo) 


= nZ 
Should a fault occur between the relay and Z, distance. 
say at (7, — AZ4) О from the relay, then the restraint 
force І;(7) — 271) would be less than the operating 
force at the same current magnitude. As a result, the 
beam would tilt down at the current end, closing the 
contacts. If the fault were beyond the Z, distance, sav 
at (7) + AZ,) Q from the relay, then the restraint 
force Vp would be greater than the operating force Ig. 
The beam would then tilt down at the voltage end, and 
the contacts would not close. The expression “balance 
point," which describes this threshold locus of opera- 
tion for distance relays, is still commonly used, even 
though modern distance relays operate on quite differ- 
ent principles. 

In general, the operating torque T of a cylinder-type 
distance relay is 





T = KR — KVR | (12-20) 
At the threshold or balance point, T is 0. Then, 
К, У | 
к, B (12-21) 
and the reach, or ohms to the balance point, is 
Vr 
Ip 2 
VK 
= ——= (12-22) 
VK, 


If delta voltage and delta currents are used, a set ot 
three relays will provide operation by one or more re- 
lays for all types of phase faults within the set-balance 
point impedance (Z,). 


4.1.2 Application of Distance Relays 


The major advantage of distance relays is apparent from 
Equation (12-19) or (12-22). The relay's zone of op- 
eration is a function of only the protected line imped- 
ance, which is a fixed constant, and is relatively inde- 
pendent of the current and voltage magnitudes. Thus. 
the distance relay has a fixed reach, as opposed to over- 
current units, for which reach varies as source condi- 
tions change. 

Any line section in a power system can be repre- 
sented as shown in Figure 12-17. In this figure, Z, is 
the impedance of the line to be protected from bus G 
to bus H. 75 is the equivalent source impedance up to 
bus С, and Zy the equivalent source impedance up to 
bus Н. Zş could be a parallel line equal to Z,, but. 
more generally, Zg represents the equivalence of the 
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Figure 12-17 General representation of a line section be- 
tween two buses. 


interconnecting system between buses G and H, except 
for line 21. 

Figure 12-18 shows a simplified representation of the 
protected line for which distance relays are to be applied 
at the bus G line terminal. The system can be plotted 
on an R-X diagram as follows. With G as the origin, 
the phasor impedance Z, of the line is drawn to scale 
in the first quadrant. Either per unit or ohms can be 
used, although secondary or relay ohms are generally 
preferred. Modern distance relays are normally con- 
nected to wye-connected current transformers 


Z ec = елау 
= 20126 (12-23) 


where Кс and Ry are the ratios of current transformer 
and voltage transformer, respectively. 2, the source 
impedance, can be plotted from G into the third quad- 
rant; at H, the source impedance Zy can be extended, 
both impedances at their respective magnitudes and 
angles. Z in this figure is assumed to be very large or 
infinite relative to the others. In applications involving 
several line sections, Zy would be the remote line sec- 
tion beyond bus Н; Zs would be the line section behind 
the G line relay or to the left of bus G (if we assume 


Balance Point 
6 or Reach 





Bus Voltage 
(Alternate Line Side) 


(a) 


ZU 





2 
(b) э 


Figure 12-18 (а) Representation of a line section апа (b) 
the R-X diagram. 
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there were no other lines or sources at either bus G 
ог Н). 


4.1.3 General Characteristics of Distance Relays 


А number of distance-relay characteristics plotted on 
the R-X diagram are shown in Figure 12-19. The op- 
erating zones are inside the circles for the types labeled 
а, b. and с. That is. whenever the phasor ratio of УЛ 
falls inside the circle. the distance unit operates. The 
beam-type distance relay. described earlier, would have 
the nondirectional impedance characteristic shown in 
Figure 12-19a. When used for fault protection. a sep- 
arate directional unit is added to limit the tripping to 
line faults, Since the beam-tvpe relay is no longer man- 
ufactured, this characteristic is obtained by other tech- 
niques. 

By modifying either the restraint and. or operating 
quantities, the circle can be shifted as shown in Figures 
12-19b and 12-19c. The characteristics given in Figures 
12-19d and 12-19e can be obtained in the same general 
way. There are a number of methods for obtaining these 
characteristics, the details of which are beyond the scope 
of this section. Appendix B provides more information 
for the distance-relay characteristics. 

Load can be represented on these R-X diagrams as 
an impedance phasor, generally lying near the R axis 
(depending on the power factor of the load current on 
the line). The phasor lies to the right (first quadrant of 
the R-X diagram) when flowing into the protected line 
from the bus and to the left (third quadrant of the 
R-X diagram) when flowing out of the line to the bus. 
Load is between 0 and 5 A secondary at or near rated 
voltage; faults generally produce much higher current 
levels and lower voltages. so that the load phasor usually 
falls outside the distance operating circles. Since these 
conditions do not hold for the reactance type shown in 
Figure 12-19d. this unit cannot be used alone. Also, 
because the reactance unit is not directional, it would, 
without supervision, operate for faults behind the relay. 
The reactance unit then needs very careful supervision 
andis not a particularly desirable characteristic for most 
applications. A blinder characteristic (Figure 12-19e) 
unit can be used for load restriction on impedance (Fig- 
ure 12-19a), modified impedance or offset (Figure 12- 
19b), and mho (Figure 12-19c) distance units. 

The blinder characteristic, Figure 12-19e. is essen- 
tially two reactance-type units shifted to the line imped- 
ance angle. The right unit operates for a wide area to 
the left, and the left unit operates for a wide area to 
the right of the X axis. Together, the two provide op- 
eration in the band shown. 

With single-phase-type relays connected as phase-to- 
ground elements, those with one distance element con- 
nected to each phase, the R-X characteristic of Figure 
12-19 applies to only the unit on the faulted phase. For 
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Figure 12-19 Distance relay characteristics. 


three-phase faults, load, and three-phase power swings, 
all three single-phase distance relays have a reach of 
п7 along the line (if arc resistance is neglected). АП 
three will operate for any three-phase fault between the 
relay and nZ set point. 

Three-phase-type relays respond to all phase faults, 
regardless of the specific phases involved. For example, 
the KD-10 relays have two operating units. One unit 
responds to any three-phase fault between the relay and 
set reach of nZ,,; the other responds to any phase-to- 
phase fault (AB, BC, and CA) between the relay and 
set reach of nZ,,. One or both of the two units will 
respond to all two-phase-to-ground (ABG, BCG, and 
CAG) faults from the relay to the set reach of п/у. 


4.1.4 Characteristics of Mho-Type Distance Relays 


The operation of the mho-type distance relays on the 
R-X diagram is given in Figure 12-20. The three-phase 
unit is a mho circle, where the locus at any point on 
the R-X diagram is 

Z a Zc т 7с Z0 


reach ^ 
2 


(12-24) 


This defines а circle whose center is offset from G at 
Z/2 and radius is 2с 46/2, where Z0 = 0 to 360°. 
When 0 is 0°, Z,cach is О at the origin. When Ө is 180°, 
Zreach equals Zc, the forward reach or set point. 


For the phase-to-phase unit, the reach at any point 
is 





(Ze — Zs) + (Ze + Zs) Z0 
2 


Z (12-251 


reach 7” 


- 













A Phase to Phase Une 


Three-Phase Unit 





e R 


Figure 12-20 Тһе K-DAR relay on the R-X diagram. 
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Equations (12-24) and (12-25), the first term in paren- 
theses is the center, and the second the radius of the 
circle. 

For the phase-to-phase unit, the circle does not pass 
through the origin and varies with source impedance, 
except at the set point. 

If Zs equals 0, then the characteristic is а mho circle 
through the origin, as Equation (12-25) reduces to 
Equation (12-24). When 6 equals 180°, a reverse reach 
is established. This function has no practical signifi- 
cance, since the current reversal that occurs when the 
fault moves from the line side of the current trans- 
formers to the bus side always produces restraint (see 
Figures 12-21 and 12-23) faults (1). Asa result, the relay 
is directional, and the operating area exists only in the 
first quadrant, within the area of the sector of the curve 
from Zec to the В axis. 

When 6 equals 0, the terms containing Zs cancel, so 
that Zea equals “с. Thus, the phase-to-phase char- 
acteristic is fixed at the set point and variable at all 
others. This variation poses no disadvantage, since nei- 
ther load, power swings, nor any type of balanced con- 
ditions can produce operating torque. In other words, 
the operating and setting of the phase-to-phase unit are 
completely independent of load and swings. 
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4.2 Phase-Distance Relays 
4.2.1 The KDAR Phase-Distance Relays 


The KDAR phase-distance relays, type KD-4, KD-10. 
KD-41 and KD-11, are a three-phase, single-zone pack- 
age in design. These relays provide mho-type charac- 
teristics, as shown in Figures 12-19c and 12-20. They 
consist of a three-phase unit for three-phase fault de- 
tection and a phase-to-phase unit for two-phase fault 
detection. The operating units are a electromechanical 
cylinder element. They use line-drop compensator the- 
ory that produces two phasor voltages, which are in 
phase when a fault occurs at the balance or reach set 
point. This condition produces no output. Faults inside 
the balance point shift the voltages in a direction to 
provide operation; faults beyond the balance point pro- 
duce a shift in the opposite direction to provide restraint 
(Figures 12-21 and 12-22), 

Figure 12-21 illustrates the operation of the three- 
phase unit of the KD-4 and KD-10 relays. With three- 
phase potential V4, Уһ, and Ус applied with line cur- 
rent (I, — 31) 


Vx = 1.5 Va = 1.51, == 2197с 


(12-26) 
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Phasor diagrams of KD-4 and KD-10 phase distance relays for faults at various locations (three-phase unit). 
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Figure 12-22  Phasor diagrams of KD-4 and KD-10 phase distance relays for faults at various locations (phase-phase unit). 
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ANGLE comparator measures duration of coincidence of 
sine wave inputs. 
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Figure 12-23 Angle comparator used in the distance unit. 


The I, component in Equation (12-26) provides 
double-phase-to-ground fault coverage for systems with 
a very low Zos relative to 25. For these faults, the three 
sequence networks are connected in parallel. If, in the 
limit, Zos goes to 0, the negative sequence network is 
shorted out, leaving only the positive sequence network. 
as for a three-phase fault. For very low Zos systems, there- 
fore, double-phase-to-ground faults “look like" three-phase 
faults, and the three-phase unit responds. The 31, helps 
cover these faults but does not enter into the phasors of 
Figure 12-21, which are for three-phase faults. 

The compensator is set so that Zc equals the positive 
sequence line impedance from the relay to the balance 
point (Z,). For the three-phase fault at the balance 
(fault 3), Vx terminates on the line between Y and 2. 
The result is a zero-area triangle and no operating torque 
on the cylinder unit connected to X, Y, and Z (see 
Chapter 3, “Basic Relay Units," for a discussion of 
cylinder unit). Faults beyond the balance point (4) and 
behind the relay (1) provide an XYZ triangle that pro- 
duces opening torque. Faults (2) inside the balance point 
produce an XYZ triangle and operating torque pro- 
portional to the area of the triangle. 

Close-in, solid three-phase faults produce an ABC 
triangle with a very small area. That is, Y and Z would 
collapse to the origin with very little or no operating 





Line and Circuit Protection 


area. To avoid this, memory action is provided by de- 
laying the collapse of Y and Z when B and C voltages 
approach or equal 0. The memory circuit, as shown in 
Figure 12-21, consists of X, and C3C and tunes the 
oscillating voltage drop to the power-system frequency. 

This delay is long enough to allow the instantaneous 
(zone 1) three-phase unit to operate and trip a breaker 
for 0-V three-phase faults. For backup (zone 3) and 
other fault applications where continuous torque is re- 
quired, a different unit with added current-only torque 
is applied. This arrangement makes the units nondi- 
rectional for the heavy, close-in three-phase faults. These 
are the KD-41 and KD-11 relays. 

The operation of the phase-to-phase unit of the 
KD-4 and KD-10 phase-distance relays is shown in Figure 
12-22. With three-phase applied voltages and current 1,, 
Ig, and I, from wye-connected current transformers, 


Vxy = Мав- (ТА re 1Һ)7с 
Vzy = Усв- (Ic n I3)Zc (12-27) 


The compensator is set so that “с equals the positive 
sequence line impedance from the relay to the balance 
point (nZ). With a phase-to-phase fault at the balance 
point, the XYZ triangle has 0 area for an AB, BC, or 
CA fault. Figure 12-12 shows the phasors for various 
BC faults. At the balance point, a BC fault (3) results 
in Vzy being equal to 0. For BC faults beyond (4) or 
behind (1), a restraint triangle XYZ is produced. An 
operating triangle XZY is produced for internal BC 
faults (2). 

The KD-4 and KD-10 phase-to-phase unit will also 
operate for most double-phase-to-ground faults. To- 
gether, the two units (three-phase and phase-to-phase) 
provide complete coverage for all types of double-phase- 
to-ground faults from the relay to the balance point 
setting. With the positive, negative, and zero sequence 
networks in parallel for these faults, the fault tends to 
“look like" a phase-to-phase fault when Zos is large 
compared to 25. If Zos goes to infinity, the double- 
phase-to-ground network becomes equivalent to the 
phase-to-phase fault network. 

Memory action is not required for this unit, and high 
torque exists for the solid, 0-V, phase-to-phase fault at 
the relay. As seen in Figure 12-22, when Vgc equals 0, 
Vzy and Муу are large, providing a large operating 
XYZ triangle. 


4.2.2 The Solid-State and Static-Phase Distance 
Relays: Types SKD, SKDT, SP, SKDU, and 
LKD 


A similar set of relationships exist for the solid-state 
phase-distance relays: types SKD, SKDT, SP, SKDU, 
and LKD. 

These relays utilize the angle comparator technique 
shown in Figure 12-23 that involves the detection of the 
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phase relationship between two ac quantities. The du- 
ration of the output signal is measured in a timer circuit. 
For a 60-Hz application, the timer is set for 4.16 msec 
for a mho circle characteristic relay. Trip occurs when 
the duration of the AND circuit output is greater than 
4.16 msec. For an output from the timer, A and B 
should both be either (+) or ( —) for longer than the 
timer setting. Depending on the timer setting, the char- 
acteristics of the unit can be varied. 





Coincidence Equivalent 

timer set at coincidence 

(60-Hz base) angle Characteristics 
t — 4.16 msec ф = 90 Circle 

t < 4.16 msec y < 90° Tomato 

t > 4.16 msec y > 90° Lens 





The phasors for these relays are shown in Figures 12-24 
апа 12-25. 

Figure 12-24 applies to the three-phase unit for which 
the voltages are 


Ууу = Ув — (I4 — Ig)Zc and 


Vay = ав (12-28) 
With the relay set so that “с equals the positive se- 
quence line impedance to the balance point nZ}, a 
three-phase fault (3) at the balance point will produce 
Vxy = 0 and no operation. For faults beyond (4) or 
behind (1), Vzy leads Vxy, a restraint condition. For 
faults inside the balance point, (2) Vzy lags Vxy, an 
operating condition. 

Figure 12-25 is for the phase-to-phase unit of the 
solid-state phase-distance relays: types SKD, SKDU, 
SP, LKD, and LZM. The voltages are 


Уху = Мав - Ua = Ip)Zc and 
Vzy = Ves - Uc = Ig)Zc (12-29) 


The compensator is set so that “с equals the positive 
sequence line impedance to the balance point nZ,,. 
Although the diagrams are for a BC fault, similar dia- 
grams would apply for AB and CA faults. The BC fault 
at the balance point (3) produces Vz, = 0 and по 
operation. For faults beyond (4) and behind (1). Vzy 
leads Vy, a restraint condition; for faults within the 
operating zone (2), Vzy lags Vxy, an operating condition. 


4.2.3 The Static Phase-Distance Relay Type LDZ 


For speed improvement, type LDZ was designed for 
zone 1 application in a Uniflex svstem. The operation 
of the distance unit also utilizes the angle comparator 
technique as described in Section 4.2.2 and Figure 12- 
23. 
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Figure 12-24  Phasor diagrams of solid state K-DAR distance relay for various fault locations (three-phase unit). 


Three identical single-phase units (or logic), oper- The phasors for phase-to-phase fault detection are 
ating on delta voltages and delta currents, are used in 
the LDZ relay, one each for AB, BC, and CA fault Vas ~ lasZc. and -Удһ for AB fault 
detection. The phasors for three-phase fault detection 
are Vac = IpcZc апа -Урс for BC fault 


Van ^ lapZc and -VAB Усл = ІсАес and -Veca for СА fault 
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Figure 12-25  Phasor diagrams of solid state K-DAR distance relay for various fault locations (phase-phase unit). 


4.2.4 Тһе Microprocessor-Based Phase-Distance 


Equations (12-30) and (12-31) show the phasors of 
Relays: Types MDAR (REL-300) and MDST 


the operating and reference (restraint) quantities for 





(REL-301, REL-302) 


The microprocessor-based relay, type MDAR (REL- 
300) or MDST (REL-301, REL-302), is a numerical 
transmission line protection system with three nonpilot 
zones and one optional pilot zone of distance protection. 

These relays use a single processor approach in design. 
All measurements and logic in MDAR (REL-300) and 
MDST (REL-301, REL-302) use microprocessor tech- 
nology. All the distance units provide a Mho-type char- 
acteristic, as shown in Figure 12-26. The zone 3 units may 
be chosen to have a forward or reverse application. 


three-phase and фф faults, respectively. The unit will 
produce a trip output when the operating quantity leads 
the reference quantity. 


Operating Reference 
For three- Veg = Ze Vo (12-30) 
phase fault 
For phase-to- Vas — lasZc Усв-— Ісас (12-31) 


phase faults 
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Optional pilot zone 





Figure 12-26 МРАК (REL-300) characteristics. 


where 


Уус = Мо, Vac, OF Voc 
Ix = I4, 15, or Ic 
Zc = zone reach settings in terms of positive 
line impedance 
Vo = quadrature phase voltages, i.e., Vcg, 
Vac, and Vga for da, фр, and óc, 
respectively 
У Ав, Vcg = line-to-line voltages 
Ilag, lcg = delta currents (e.g. I4—Ig) 


4.2.5 The Microprocessor-Based Phase-Distance 
Relay: Type REL-100 


The REL-100 uses a multiprocessor design with three 
processors for the basic distance measuring function and 
up to three additional signal processors performing the 
optional functions. The impedance units measure the 
apparent impedances of the fault loops. The resulting 
impedance is compared against reactance and resistance 
limits determined by the relay setting. Either zone of 
the relay can be selected as reverse-looking. The quad- 
rilateral characteristics with individual settings of re- 
active and resistive reach are as shown in Figure 12-27. 


Figure 12-27 КЕІ-100 characteristics. 
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4.3 Ground-Distance Relays 
4.31 Fundamentals of Ground-Distance Relaying 


The general representation of a line section, given in 
Figure 12-17, is expanded in Figure 12-28 for a line-to- 
ground fault at F. The equations of the relay current 
and voltage at bus С are developed for phase “а.” For 
the phase a relay, consider the following combinations 
for a ground-distance relay. 


1. Using zero sequence quantities ЗУ, and 31, we get 


Z _ ЗУ 
relay Зоб 
SS IoPoZos 


= es 12-32 


Unfortunately, this method is not useful. It meas- 
ures the source impedance and current distribution 
factors, both of which are variable, rather than the 
protected line impedance. 

2. Using phase voltage and phase current. This method 
depends on voltage compensation. By using only 
Vag and 1,5, we obtain 


Vac 
Tac 


_ (Kil, + Kib)nZ; + KolonZor 
Kj, + Kolb + Kolo 


2. 


relay гі 


(12-33) 


Again, the method is unsatisfactory. 
3. Using У „с modified by subtracting the positive and 
negative sequence drop of (К, + K5E)nZ;;, and 


Ij, we get 
Z MAGUS (Kil, + Kib)nZ; 
relay Kolo 
= nZg. (12-34) 


This method is satisfactory and fairly close to the 
SDG relay principle. 

4. With phase-to-ground voltage and modified phase 
current. This is the current compensation method. 
Assuming that nZo, equals pnZ,,, we obtain 


AG 
К, + Kjib)nZ; + Корп. 
Kl, + КЛ, + Kolo 


= nZ 12-35) 
BAIE cq + KGL FACT, a 
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The lines are not Mutually Coupled, 
P and K are The Sequence Network 
Distribution Factors. Each Sequence 
Network to F Reduces to an Equivalent 
Impedance of: 

21-Р1216 + nK4Z4L 

72 = P2225 + ПК222| 

Zo = PoZos + nKoZoL 


For a Phase A to Ground Fault at F, 
at The Relay Location at Bus G: 


Vig =У-!1Р1215 
Vag = 0 - 12Р2225 
Мос = О - loPoZos 


Мас = У-11Р1215 – loPoZos 
From The Sequence Network: 


V = 1Р12715 + 14241 + 12225 + 
2тК2211 + lgPoZoL + lonKoZoL 


V = 1Р1215 - 12Р2225 - loPoZos = 
{Кт 4 K212) һ211 + Kolo nZoL 


Substituting: 


Мас = (KH + K212) п211 + Kolo nZoL 
la = Кт + Kala + Kolo 
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Figure 12-28 A line to ground fault on line section “GH.” 


Ву modifying the relay current Ip to (К, + КЬ + 
PKolo) instead of Iag, we get 





Z relay TA пен. 
Ig = KL + KL, + ркы, 
= KL + K;L + Kolo + (p — 1) Kolo 
= Iac + (p — 1)Kolo (12-36) 
where 
Zo, Zo. — Zit 
== and 1) = 
Zi. (p Ziv 
Substituting yields 
Zo = Z 
k = L4; + | 2E IK (12-37) 
Zw. 


This method is the one used in the KDXG, LDAR, 
and MDAR ground-distance relays. The complete for- 
mula, including arc resistance and the mutual affect of 
the parallel line, can be written as 


(12-38) 


where 


(12-39) 


In these formula, 


Ко = arc plus tower footing resistance and includes 
ground wires, when used 
Zom = mutual impedance to a parallel line where Ip, 
current flows 
I; = total zero sequence current, of which Kolo is 
the portion through the relay 


4.3.2 The KDXG Reactance Ground-Distance Relay 


The KDXG is an electromechanical cylinder unit. single- 
phase multizone relay. It permits three reactance zones 
of protection. 

The operating principle of the reactance unit of the 
KDXG relay is similar to the description in Section 
4.3.1, Step 3, except the compensator setting jX is the 
reactance to the balance point, which equals the react- 
ance part of nZj, in Equation (12-38). 

Figure 12-29 shows the phasor diagrams for the re- 
actance unit of the KDXG relay for faults at various 
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Figure 12-29  Phasor diagrams for KDXG relay for faults at various locations. 


locations. The unit will produce contact closing torque 
when the operating quantity У, = V; — jXlIg lags the 
reference quantity Уш, = Ig. 

Voltage switching in the three single-phase reactance 
relays changes the reach through all three zones, in 
order. Switching is initiated by the zone 2 and 3 timers. 

The reactance units are nondirectional and must be 
supervised by two units: (1) an external connected di- 
rectional (КЕТ or KDXG), and (2) an internal ratio 
discriminator, RD unit. The RD unit determines the 
faulted phase and also provides the phase-to-phase fault 
blocking feature for the relay. 

A terminal consists of three KDXOs (reactance and 
ratio discriminator units) and one KRT or KDTG (di- 
rectional unit and two zone timers). The basic trip and 
control circuits are illustrated in Figure 12-30. 


4.8.3 The Solid-State Ground-Distance Relays: 
Type SDG, SDGT, SDGU Relays and 
Modular-Type LDG 


Type SDG, SDGT, SDGU, and LDG relays are static 
distance ground relays. They are a zone relay packaged 
as a three-phase type. One relay (or LDG module) will 


provide complete phase A, B, or C to ground-fault 
protection within its operating zone, as determined Бу 
the Zic setting, the positive sequence ohms of the pro- 
tected line. Thus, one relay will provide zone 1 pro- 
tection, another relay with a timer will provide zone 2 
protection, etc. 

The operating principle of these relays is similar to 
the description in Section 4.3.1, Step 2. For a phase- 
to-ground fault, the magnitude of the zero sequence 
voltage drop is equal to that of the positive and negative 
sequence voltage drops. From Figure (12-31), we see 
that 


Vir + Уы + Vor = 0 
50 
— Vor m Var + Vor (12-40) 


The compensator principle permits reproducing Equa- 
tion (12-40) at the relay for a fault at the balance or 
setting point of the compensators (Figure 12-31). The 
operating quantity (Vwo) and each phase restraint quan- 
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Figure 12-30 Basic trip and control circuit for the KDXG relay system. 
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Figure 12-31 Basic circuits of the SDG relay. 
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tity (Мум, Vyn, and У.х) are expressed below: 


Van = (Vair + Мр) 


= (Vai + Vaz) - (Кл, + KilagZic (12-41) 
Vyn = (Уы + Voor) 

= (Vp, + Vg;) = (KI, * K2Ig2)Zic (1242) 
Vzx = (Мав + Мож) 

= (Ver + Мо) — (Kila + Kele)Zic (1243) 
Vwo = Vao 

= Vao = (Kat + Tom ae (12-44) 

OL 


where 


Vin, Vyn, Vzn = phase A, B, and C relay restraint 
voltage 
Vwo = operating voltage 
Vir Vir» Voip, = Sequence voltages at the fault 


Vaz Vez» Voor location 
Vai, Vsi Vc, = sequence voltages at the relay 
Van Vp. Ve; location 


Іі, Ірі, Ісі, = sequence currents to the relay 
Tao, Ів, Іс 
Kı, K2, Ko = sequence fault current distribu- 
tion factors 
Iom = zero sequence mutual current 
Zo.» ом = self- and mutual zero sequence 
impedances of the line 
Zic; Zoc = relay settings, positive and zero 
sequence 


The relay will produce trip output if 
(12-45) 


The response of the relay for various fault locations is 
shown in Figure 12-32. 

The relay may have a detector, for zone 1 applica- 
tion, that operates on two low-phase voltages with one 
higher-phase voltage to reduce the reach approximately 
20% for two-phase-to-ground faults. Otherwise, the re- 
lay tends to overreach as a result of the out-of-phase 
conditions of the two phases. 

The relay also may have a frequency verifier circuit 
in which there must be more than 4 or 5 ms between 
“operating voltage” zeros to trip the relay. This time 
delay prevents the operation caused by high-frequency 
line-energizing transients, both of which are particularly 
evident on EHV lines. The relay has negligible transient 
overreach. 

The operating characteristic on the R-X diagram is 
a modified mho similar to the KDAR phase-to-phase 
unit characteristic of Figure 12-20. The characteristic is 
fixed at the compensator angle (or maximum torque 
angle) and setting but variable at other angles, de- 
pending on source and fault-current distribution factors. 
The equation for the reach at any point around the line 


[Vwol > any one of |Vxy|, [V], or Van 
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angle, if we neglect mutual and fault impedance, is 


1 
К, + К, + Ko(Zo1/Zi) 





Zreach E 


fix, + K3)Zic к PoZosl 


- ЕН Кс + Piles) 20] (12-46) 
7а. 

Where Z0 = 0 to 360°, when Ө = 180°, the two parts 
of the equation can be added directly, so that Zreach = 
Zc. As the line impedance becomes smaller relative to 
the source, the circle of Equation (12-46) becomes larger 
(Figure 12-33). The characteristic is actually made up 
of three circles, one for each phase. 

From the standpoint of relay performance, the im- 
portant circle is the center one, described by Equation 
(12-46) and shown passing through the Zc setting. The 
other two circles are academic and occur when the op- 
erating voltage Vwo (Figures 12-31 and 12-32) exceeds 
the unfaulted phase-restraint voltages. For a phase-A- 
to-ground fault, these two voltages would be Vyn and 
Ууух. The current reversal also makes the characteristic 
in the third and fourth quadrants impractical, since the 
relay is truly directional. 

Equation (12-46) is academic, since it is not required 
for application or setting the relay. The relay is inde- 
pendent of load except for a small reach variation that 
can be caused by a tap infeed. 


4.3.4 The Solid-State Ground-Distance Relays: 
Types LZM and LZMS 


The operating principle of the phase-to-ground ele- 
ments of the LZM and LDMS modules in LDAR sys- 
tems is the same as described in Section 4.3.1, Step 3. 
LDAR is solid-state and uses quadrature polarizing. Its 
characteristics for a single-phase-to-ground fault are mho- 
type instead of reactance. 

Each phase unit uses a polarizing (or reference) 
quantity that lags the unity power factor phase current 
by 90° under nonfault conditions. For example, the phase 
A unit is polarized by quadrature voltage Vgc. The unit 
responds accurately to all phase-to-ground faults and 
three-phase faults. Some phase-to-phase-to-ground faults 
may also be recognized by these units, depending on 
the particular system impedances. 

The units use the coincidence of each phase 


Operating 
Zo 7 
Vee = E d (a Ju [ze (12-47) 
1L 
and 
Reference (-(Уо) (12-48) 
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Figure 12-32  Phasor diagrams for solid state distance ground relay for various phase "A." phase-to-ground fault locations. 
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Уус = Vac Vaga: ОГ Усс 

Ix = Іл, Ip, or Ic 

Zc = distance reach-setting in relay ohms, in 
terms of positive line impedance 

71, Zo. = positive and zero sequence line 

impedances 

Vo = quadrature voltages, e.g., Vac, Vea, and 
Vas 


When the two quantities are within 90° of one another 
for a given sensing unit, that phase unit will produce a 
trip output. For the 90° angle relationship to be de- 
tected, the coincidence timer must be 4.16 msec for 60- 
Hz (or 5.0 msec for 50-Hz) applications. 

The characteristic of this relay on an R-X diagram 
is the same as Figure 12-19с. 


4.3.5 The Solid-State Ground-Distance Relay: 
Type LDZG 


The basic operating principle of the LDZG relay is the 
same as that for type LDG. except the LDZG reaches 
the preset amount for single-phase-to-ground faults and 
25% less for the double-phase-to-ground faults. This 
reduction in reach is obtained by operation of the de- 
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sensitizer, which is used to eliminate a possible 15% 
overreach for double-phase-to-ground faults in the 
presence of high-fault resistance. The LDZG is de- 
signed for zone 1 application and can be set for 85% 
of the protected line impedance. 


4.3.6 The Microprocessor-Based Ground-Distance 
Relays: Types MDAR (REL-300), MDST 
(REL-301, REL-302), and REL-100 


Refer to Section 4.2.4 of this chapter for the description 
of MDAR (REL-300) and MDST (REL-301, REL-302) 
relay systems. The phasors of the operating and ref- 
erence (restraint) quantities for the single-phase-to- 
ground fault are shown in Equations (12-49) and (12- 
50). The unit will produce trip output when the oper- 
ating quantity leads the reference quantity 


Ухо = [Ix + Ke(I9)]Zco (12-49) 
Vo (12-50) 


Vxo = Vau: Vso. Or Veg 
Ix = ІА, Ip, or Ic 
Io = (Ia + Ig + 10/3 
Zcg = distance reach-setting in terms of Zi, 
secondary ohms. 
Ко = zero sequence current compensating 
factor 
= Zo - “и 
Zu 
Zir» о. = positive and zero sequence line imped- 
ances in relay ohms 
Vo = quadrature phase voltages, i.e., Vcg, Vac; 
and Vg4 for phase A, B, and C units, 
respectively 


Refer to Section 4.2.5 of this chapter for a description 
of the REL-100 relay. 


4.4 Zone Application of Distance Relaying 


Historically, three zones of protection have been used 
to protect a line section and provide backup fór the 
remote section (Figure 12-34). Each of the three zones 
uses instantaneous operating distance relays. Zone 1 is 
set for 80 to 9096 of the line impedance. Zone 2 is 
adjusted for 100% of the line, plus approximately 50% 
of the shortest adjacent line off the remote bus. Zone 
3 is set for 100% of both lines, plus approximately 25% 
of the adjacent line off the remote bus. These classical 
settings define the protective zones only if there are no 
infeed effects. In practice, there is almost always an 
infeed effect at the buses, which reduces the reach as 
described later. 

Since zone 1 (Z1) tripping is instantaneous, the zone 
must not reach the remote bus, hence the 80 to 90% 
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settings. The 10 to 20% margin provides a safety factor. 
for security, to accommodate differences or inaccura- 
cies in relays, current, potential transformers, and line 
impedances. The 10 to 20% end zone is protected by 
the zone 2 (Z2) relay, which operates through a timer 
T2, set with one step of CTI (coordination time inter- 
val), as for overcurrent relays. Two zones at each ter- 
minal are required to protect all of the line section, with 
60 to 80% of the line having simultaneous instantaneous 
protection. This protection is independent of system 
changes and loading. 

The backup zone 3 also operates through a timer T3. 
set as shown to coordinate with the zone 2 unit of the 
remote bus. Coordinating distance relays, with their 
fixed reach and time, is much easier than coordinating 
overcurrent relays. 

For directional comparison blocking pilot relaying. 
zone 3 is used to start the carrier. It must consequently 
be set with reverse reach, in the opposite direction 
to the protected line section. T3 must be coordinated 
with relays operating on the lines behind, rather than 
ahead. 

An application of distance relays to parallel lines is 
shown in Figure 12-35. Неге, the Т2 settings on each 
parallel line should be the same. Thus, the remote ends 
of both lines will trip if a fault in any end zone is not 
cleared by the near-by breaker and relay operation. 
Suppose that, for fault F1, the H-end breaker does not 
clear as it should on zone 1. At G, both the top- and 
bottom-line zone 2 relays “see” this fault and operate 
in time T2. A similar operation would result if the fault 
occurred at F2. 

If both T2 settings were not the same, the unfaulted 
line may be cleared first. If T2 on the bottom line were 
greater than T2 on the top line, for example, the top- 
line zone 2 relay at G would operate to clear the F1 
fault first. But if the fault were at F2, the top-line zone 
2 relay at G would operate, even though the bottom- 
line zone 2 relay should clear this fault. 

When several remote lines have different lengths. 
the zone 2 and 3 settings involve compromises (Figure 
12-36). Since line HV is short compared to lines HS 
and HR, setting zone 2 at G for 5096 of line HV provides 
a maximum of 5.5% coverage for line HR and 8.4 
for line HS. This coverage is further reduced by the 
infeed effect. Additional coverage could be obtainec 
by increasing the G zone 2 setting and the correspondinz 
T2 setting to coordinate with the T2 times on lines HV. 
VW, and WX. The result would be long end-zone clear- 
ing for line G. If pilot relaying is used for priman 
protection, increased backup with longer T2 times coulc 
be employed. 

Setting zone 3 to cover line HR would provide cov- 
erage through several sections HV, VW, WX, and XY 
requiring a longer T3 setting. Again, the infeed effec: 
from lines HS and HV probably would not provide Т: 
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Figure 12-34 Step time zones of distance relay protection. 


coverage for line HR. This fact reemphasizes the need 
for local backup in modern power systems. 


4.5 The Infeed Effect on Distance-Relay 
Application 


4.5.1 Infeed Effect on Phase-Distance Relay 


When there is a source of fault current within the op- 
erating zone of the distance relay, its reach will be re- 
duced and variable. This infeed effect can be seen from 
Figure 12-37, where there are other lines and sources 
feeding current to a fault at F from bus H. The relays 
at bus G are set beyond this fault point to F'. With a 
solid 0-V fault at Е, the voltage for the relay at G is 


the drop along the lines from the fault to the relay, or 


Since relay G receives only current Ig. the impedance 
appears to be 


V J 
Gase edi = m 
G 

E SES 

= 21 H Ic } sme 

Za : 
- 2 == 12-53) 
LT K ( 


where К is the current distribution factor (phasor), which 
equals 15/016 + 1). This apparent impedance com- 























Figure 12-35 Distance relays on parallel lines. 
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Figure 12-36 Distance relays looking into a bus with various lengths of adjacent line sections. 


pares to the actual impedance to fault F of 


ZG actual = Z + 2н (12-54) 


If Ін is 0 (no infeed), Z apparent equals Z actual. As 
the infeed increases in proportion to Іс, Z apparent 
increases by the factor (1,/16)2ң. Since this impedance, 
as "measured" by the distance relay, is larger than the 
actual, the reach of the relay decreases. That is, the 
relay protects less of the line as infeed increases. Since 
the reach can never be less than Z, in Figure 12-37, 
zones 2 and 3 provide protection for the line. However, 
remote backup for the adjacent line(s) may be limited. 
Since infeed is very common and can be quite large in 
modern power systems, the trend is toward local backup 
(see Chapter 13). 

Note that the infeed effect varies with system con- 
figuration and changes, and that the apparent imped- 
ance may be a maximum under either maximum or 
minimum system conditions. 

For example, for Figure 12-38, assume that the line 
impedances (relay ohms) are 2 Q from С to the tap 








Figure 12-37 Effect of infeed on impedance measured by 
distance relays. 


point, 8 О from the tap point to H, and 2 О from the 
tap point to R. The zone 1 relay at G is set to reach 
3.6 О. A three-phase fault occurs at 1.0 О from the tap 
point toward H. Fault-current contributions (relay am- 
peres) are 10.95 A from bus G and 14.61 A from R. 
The voltage drop from G to the fault is 


2x 10.95 + 1 x 25.56 = 47.46 У (relay side) 
Since the current through the relay at G is 10.95 A, 


47.46 


< 10.95 


apparent’ = = 4.33 О (relay side) 
The relay apparent impedance of 4.33 О is higher than 
the relay actual setting of 3.6 О,1.е., the relay will not 
operate on this fault, i.e. underreach. 

However, if the fault-current contribution is changed 
to 11.56 A from G and 11.56 A from R, due to the 
source impedances change, the voltage drop from G to 


G 3- Phase H 
іо Fault зо 


694А 





Figure 12-38 Typical infeed effect on a multi-terminal 
line. 
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the fault would be 
2 х 1.56 + 1 x 11.56 = 34.69 V (relay side) 
Since the current through the relay at G is 11.56 A, 


_ 34.69 
apparent 7” 11.56 
the relay will see the fault. Hence, the reach of the 


distance relay varies as a function of fault-current dis- 
tribution, as well as fault location. 


Z = 3.00 О (relay side) 


4.5.2 Infeed Effect on Ground-Distance Relay 


The descriptions and results in Section 4.5 cannot be 
directly used for ground-distance relay application. For 
type KDXG, LDAR, MDAR, SDG, and LDG ground- 
distance units, the operating current, e.g., the phase A 
ground unit, is 


Zor E Zu 


I, + 
Е “и. 


% 

Therefore, when applying Equation (12-52) for relay 
types KDXG, LDAR, MDAR, SDG, and LDG, the 
currents Ij; and Іс should be replaced with 
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where Iy and 16 are phase and zero sequence currents 
in the tap, Іс апа I, are phase and zero sequence cur- 
rents at the relay. (For more detail, see Appendix С). 


4.6 The Outfeed Effect on Distance-Relay 
Applications 


When a tap has no source except a tie line to a remote 
bus, fault current can flow out from this tap terminal 
tor an internal fault near the remote bus (Figure 12- 
39). Although the fault is shown on bus H, it could be 
near or at the breaker on the GH line. With no source 
at К other than line RH, current flows out of R and 
over RH to the internal fault on line GH, reducing the 
apparent impedance. 

For example a, Figure 12-39a, assume that the line 
impedances (relay ohms) are 2 О from С to the tap 
гош, 8 О from the tap point to Н, and 2 О from the 
сар point to К, and the tie line between RH is 2 O. The 
zone 1 relay at С is set to reach 3.6 €) (90% of line 
GR). A three-phase fault occurs on bus H. Fault-cur- 
rent contributions (relay amperes) are 10.42 A from 
cus С, 3.47 A from the tap point toward bus Н, and 
7.95 A from the tap point out to bus R. The voltage 
irop from G to the fault along line GH is 


> x 10.42 + 8 x 3.47 = 486 У (relay side) 





(b) 


Figure 12-39 Typical outfeed effect on a multi-terminal 
line. 


Since the current through the relay at G is 10.42 A, 


Z apparent 7 т = 4.660 (relay side) 

The relay apparent impedance of 4.66 О is higher than 
the relay actual setting of 3.6 О, i.e., the zone 1 relay 
G is not affected by this outfeed current. 

However, in example b, Figure 12-39b, if the line 
impedance from the tap point to К is 6 О, the zone 1 
relay at С would have to be set to 7.2 О (90% of line 
GR). The fault-current contributions (relay amperes). 
would be 8.67 A from bus G, 4.33 A from the tap point 
toward bus H, and 4.33 A from the tap point out to 
bus R. The voltage drop from G to the fault along line 
GH is 


2 x 8.67 + 8 х 4.33 = 51.78 V (relay side) 
Since the current through the relay at G is 8.67 A. 
_ 51.78 


apparent — 867 


Z = 5.99 Q (relay side) 


The relay apparent impedance of 5.99 Q is “ess 17:2 
the relay actual setting of 7.2 О. ie.. 172 сс. 
operate on this fault, overreach. 


4.7 Effect of Tapped Transformer San« cn Relay 
Application 


The effect of a transi <7 77-7 oye. ott a line must 
be considered. айл 22-2 presents no problem. 
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The typical case is shown in Figure 12-40. Тһе infeed 
fault current from bus H causes the relay at bus G to 
“зев” an apparent impedance for faults in the trans- 
former and low-side system circuits. As described above, 
for a fault at F, relay G sees 


Va 17416 + ZU, + Ip) 


Z = 
G apparent 
Ig I 





Since Ip = (Ig + ІҢ) and Ig = KIp, where К is the 
current distribution factor for the current through 
relay G, 


Zr 
ZG apparent = nZ, + K 


(12-55) 
Since K is always less than 1 when Ij; > 0, Zo apparent 
is always greater than the actual impedance to the fault 
(п7, + Z4). 

Similarly, relay H would see a higher apparent 
impedance of 





Zr 

=(1-n)Z, + 1-K 
The zone 1 relay at G must be set for 80 to 90% of the 
smallest value of the actual impedances, Z, or (nZ; + 
Z4), and not the apparent impedances. Otherwise, zone 
1 may overreach either the transformer or bus Н, which 
would result in miscoordination. When Z, is less than 
(1 — n)Z,, relay G cannot protect as much of the line 
as it could without the tap. Usually, the tap bank is 
relatively small, so that Zy is large compared to Z,. 

Zone 2 must be set greater than Z; to protect the 
line. When Z4 is less than (1 — n)Z, for the relay at 
С or the setting for zone 2 is greater than (nZ, + Zr), 
then zone 2 requires coordination with the relays in the 
low-voltage system. As long as H is in service, the ap- 
parent infeed will shorten the reach. When H is open, 
however, the infeed effect disappears. 

A complex relationship affects the reach of single- 
phase-type distance relays through star-delta or delta- 
star banks. To these relays, a phase-to-phase fault on 


(12-56) 


2н apparent 











F 
Me 


Figure 12-40 Apparent impedance for low side faults on 
a tapped transformer bank. 
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one side of the bank appears as a phase-to-ground fault 
on the other, and vice versa. For the KDAR distance 
relays, however, all phase-to-phase faults on one side 
of a wye-delta or delta-wye bank appear to the relays 
on the other side to be a distance Zy away. In other 
words, the phase shift does not affect their reach, as it 
does for single-phase relays. 

The above discussion of the transformer tap on the 
line assumed no source of fault power on the low-volt- 
age side. If such a power source exists, it produces an 
apparent impedance and relay underreach for line faults: 
on the (1 — n)Z, section of the line for the relays at 
G, and on the nZ, section for the relays at H. Again, 
zone 1 relays G and H must be set for the actual, rather 
than apparent, impendances. Zones 2 and 3 must be 
set for the maximum apparent impedance to cover the 
line section. When the tap source is open, of course, 
the reach will be greater. This situation presents a sig- 
nificant problem for multiterminal lines. 


4.8 Distance Relays with Transformer Banks at 
the Terminal 


The reach of a distance relay is measured from the 
location of the voltage transformers; directional sensing 
occurs from the location of the current transformers. 
Voltage and current transformers are usually at ap- 
proximately the same location for most applications. 


4.8.1 Connections Using |ң and Уң Quantities 


When the line includes a transformer bank without a 
breaker on the line side, there are several ways of ap- 
plying distance relays (Figure 12-41). Using Ij; and Ун 
for the line-distance relays is preferred, since the reach 
is a function of nZ, only. 


4.8.2 Connections Using |, and Уң Quantities 


Alternatively, I, could be used with Ун, which would 
also make the reach a function of nZ, only. In setting 
the relay with high-side primary ohms nZ; , the current 
transformer ratio Кес of Equation (12-23) must include 
the ratio of the power transformer [Rc = Ка (KVj/ 
КУһ)] and ratio Ryy of the high-side voltage trans- 
formers. Taps on the power transformer will change 
this ratio and, therefore, the reach. Unless the relay 
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Figure 12-41 


A line terminating in a transformer bank. 
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setting can be adjusted each time the taps are changed, 
zone 1 must be set at 90% of the minimum secondary 
ohms using Z,. Zone 2 must be set at more than 100% 
of the maximum secondary ohms. The first requirement 
prevents zone 1 from overreaching the remote bus. The 
second requirement provides end-zone coverage. 

If the power transformer is a wye-delta bank, either 
the low-side current transformers must be connected in 
delta or auxiliary current transformers used. In this way, 
the relay current will be equivalent to the wye current 
that would be measured on the line or high side. Figure 
12-42a shows the connections for the delta on the high 
side, and Figure 12-42b those for the wye on the high 
side. 

The advantage of this arrangement is that, although 
distance is measured from Ун and includes only nZ;, 
the relay will operate for faults in the transformer Z4. 
These faults fall within the nZ; setting, since the relay 
is directional from the CT location. The impedance for 
transformer faults is apparent: The voltage is a function 
of the current from the remote end, while the current 
flows from the near end. For the system shown in Figure 
12-41, assume a solid three-phase fault of total value I 
between the breaker and transformer, with K per unit 
flowing through the low-side current transformer and 
(1 — K) per unit flowing from the far bus to the right. 
Then 


Vy = (1 — KMZ}. 
апа 


(Dd. 
Lapparent = SUE - 


453: 


Normally, Zr would be larger than nZ, for zone 1 ap- 
plications, limiting instantaneous protection. Zones 2 
or 3, however, could be on the order of Z4. 





(12-57) 


4.8.8 Connections Using |, and V, Quantities 


A more common method is to use V, since it may not 
be economical to provide high-side potential. It is more 
convenient with V, and I, to use primary ohms on the 
low-side (V,) base. With single-phase-type zone-dis- 
tance phase (not for ground units) relays set through 
wye-delta banks, it is necessary to shift both the currents 
and voltages to provide high-side quantities equivalent 
to those that would be measured at Iy and Vy. Other- 
wise, for high-side faults, the distance relay would "see" 
a complex impedance, which would be a function of the 
line transformer and source. 

For the KDAR, Uniflex, LDAR, and MDAR three- 
phase-type relays, however, this shift is not necessary. 
The conventional wye-current and line-to-line voltage 
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connections of I, and V, will provide phase-fault pro- 
tection in the transformer and on the line. The reach 
is a function of Z4 and nZ, only. a distinct advantage. 
Since the impedance of the power transformers is xnown 
accurately, the zone 1 relay should be set through the 
transformer bank as 


Zc for zone 1 = 0.997 + 0.90Z,. 


(12-58) 


Again, the power transformer taps must be taken into 
account, as discussed above. 

This method has the disadvantage of limiting line 
protection when Z4 is large compared to Z,. For ex- 
ample, if Zr = 10 Q and Z, = 1 Q, then Z; is set tor 


9.9 + 0.9 = 10.80 


Subtracting the Zr of 10 О leaves only 0.8 О of the line 
protected or 80% rather than 90%, if low-side voltage 
МУМ, were used. 

Taps on the bank can change the value of Z4 and 
the reflected value of 7) such that setting zone 1 to 
never overreach on any tap can result in very little or 
no line protection on another tap. This assumes that 
the settings are not changed with the taps. 

Zone 2 should always be set for the maximum ap- 
parent ohms so as to protect the line for any tap. This 
may cause considerable overreach for other taps. 


4.8.4 Connections Using l,, and V, Quantities 


The fourth possible arrangement is to use V, and Iy. 
There is little advantage in this method. since the ohms 
are still measured from the low-side bus. Directional 
sensing would be from the line-current transformer lo- 
cation, rather than the bus-side current transformers. 

When the line terminates in a transformer bank at 
the remote end, zone 1 can be set into the bank to 
provide 100% high-speed line protection. Only with the 
three-phase design relays, such as KDAR, LDAR, 
Uniflex, and MDAR, etc., can zones 2 and 3 be set 
through the bank with an accurate balance point of Z, 
+ Zy + іу system for all phase faults. With single- 
phase-type relays, the reach through wye-delta banks 
is variable. 

Light internal faults in the transformers will probably 
not produce enough variation in current and voltage to 
operate the remote distance relays. Consequently, trans- 
formers should have individual protection. Such protec- 
tion does present a problem, in that remote breakers must 
be tripped to clear the fault when the local transformer 
relays operate. A transfer trip system should be used. 


4.9 Fault Resistance and Ground-Distance 
Relays 


Two additional factors must be considered for ground 
faults that are not present with phase faults: tower foot- 
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Figure 12-42 Connections for low side CT's to provide equivalent of high side CT's. 


ing resistance and ground wires. Tower footing resist- 
ance сап vary from less than 1 О to more than 200 О. 
This resistance term, multiplied by 3, must be added to 
the relay reach equations. As described before, the in- 
feed to the fault from the remote terminals further mag- 
nifies this fault resistance and can cause the ground- 
distance relays to over- or underreach. Although, in 
theory, this apparent reactance effect can be quite sig- 


nificant, relatively few problems have been encountered 
in many years of field experience. 

Overhead ground wires substantially reduce the line 
zero sequence impedance and tower footing resistance 
component. To the relay, however, the effect is anv- 
thing but a resistance component. For fault calculations. 
the ground wire is assumed to be parallel with the earth. 
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In practice, its impedance is parallel with the earth 
through the tower footing resistance at each tower. 

The effect of arc resistance is shown in Figure 12-43 
for a 15-mile, 138-kV line with a source at each end. 
Calculations were made assuming no angle between the 
two voltage sources and, hence, no angle between the 
current distribution factors. In practice, there is always 
an angle between the current distribution factors. The 
single phase-to-ground fault is assumed to occur at the 
balance point 90% of the line from bus G. The zero 
sequence impedances were calculated in the conven- 
tional manner, using р = 100 m-Q. For the 5000 ft on 
either side of the fault, however, the mutual and self- 
impedances of the ground wires were separated for each 
span, a tower footing resistance of 10 Q added, and a 
modified zero sequence impedance calculated. 

The apparent impedance “seen” is given by Equation 
(12-59) and plotted in Figure 12-43. 


29,604 j22.3 
2422.1 + j10.8 
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Figure 12-43 Example of effect of ground wires on tower 
footing and arc resistances and on reach of distance ground 
relays. 
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= Zc + Zo + Zip panies 
From the study, 476 is 2.8 251° Q. Although the zz. 27. 
wires have reduced the tower footing effect from 1 
2.8 Q, there is a significant angle that causes proce: 
with all types of distance-relay characteristics. A <:- 
nificant number of tree faults on ЕНУ and HV lines 
have shown that, when fault resistance is significant. 
distance relays are less sensitive than ground overcur- 
rent relays and often will not respond properly. 


4.10 Zero Sequence Mutual Impedance and 
Ground-Distance Relays 


Mutual induction from a parallel line will affect the 
reach of all ground-distance relays, but rarely cause 
serious problems. The mutual induction effect can be 
studied from parallel lines bussed at both ends as shown 
in Figure 12-44. Systems with more coupled lines and/ 
or different terminating stations, although more com- 
plex, can be analyzed on the same basis. 

Figure 12-44 also shows the zero sequence network, 
including mutual effect. An equivalent zero sequence 
impedance to the fault can be obtained by reducing the 











los | 





Figure 12-44 A parallel line section and its zero sequence 
network. 
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delta to an equivalent wye and combining it with the 
two source impedances. By working back, the various 
distribution factors can be calculated. These factors are 
shown in Figure 12-44. 

Consider the ground relays at breaker A. When the 
parallel line current flows in the same direction (C to 
D) as the fault current for fault F, the mutually induced 
voltage is added to the faulted line voltage. This phe- 
nomenon causes an apparent impedance greater than 
the line impedance. That is, mutual induction causes 
the relay to underreach, unless compensated for by us- 
ing the parallel line current given in Equation (12-39). 

However, if the current in the parallel line flows from 
D to C, the mutual effect is added to the flow of the 
faulted line current. The result is a lower apparent than 
actual impedance, causing the relay to reach farther. 
The current flowing in line CD is 


2 0 


= Е T — gue! eee | I, (12-60) 


When [Zov/(Zos + ос) + n] is less than 1, the current 
reverses and flows from D to C, causing overreach. For 
zone 1, the critical area is that for faults around the 
balance-point setting. For faults close to the relay at A, 
the current would flow from D to C. The effect, how- 
ever, is of no importance. For end-zone faults at B or 
on bus H, current will always flow from C to D. Con- 
sequently, zone 1 cannot overreach the end of the line 
because of the mutual effect. 

When breaker B opens for faults at F, the current 
through the parallel line flows from D to C, causing an 
overreach of relay A. In this case, overreach is desir- 
able, since it will often cause zone 1 to operate se- 
quentially for 100% of the line. 

The response of ground-distance relays under var- 
ious system conditions is given in Figure 12-45. The 
three curves for different values of Ко:К, show the 
reach of relay A on line AB. The mutual induction 
effect is shown as a function of the Py: Ko current dis- 
tribution ratio. Curves A to E are superimposed, show- 
ing the system constraints for various values of zero 
sequence source and line impedance relationships. 

The circled points in Figure 12-45 show the sequen- 
tial reach after breaker B opens. The region between 
A and C represents the practical area of operation and 
corresponds to zone 1 reaches between 70 and 88%, 
when nominally set for 85% of the line. If there is no 
zero sequence source at bus H, then curve D shows a 
reach of 68% with Ky: K, = 0.5. 

Since mutual induction can reduce the reach of the 
ground-distance relay, zone 2 should be set to provide 
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Figure 12-45 Zone 1 reach without mutual compensation 
for the system of Figure 12-44. 
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Figure 12-46 Required zone 2 setting to provide complete 
coverage of the protected line. 
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a minimum of 100% line protection. Figure 12-46 il- 
lustrates the setting required for a variety of system 
variables. A setting of 150% will provide good protec- 
tion, including an adequate margin for the majority of 
systems. 

After breaker C opens, mutual induction can extend 
the reach of zone 2 at A (Figure 12-44) for faults at or 
near C on line CD. The fault current flows from A to 
B and from D to the fault. This same condition can 
cause zone 1 at D to extend its reach up to 100% of 
the line. If zone 2 is not set greater than 150% of the 
line, the reach of zone 2 at А will coordinate with that 
of zone 1 at D. 

The above discussion applies to SDG, KDXG, LDAR, 
and MDAR relays without mutual compensation. AI- 
though ground-distance relays can use the parallel-line 
current to cancel the mutual induction effect, this method 
is generally not recommended, particularly for zone 1. 

In summary, for the parallel-line cases shown in 
Figure 12-44: 


1. Without mutual compensation, a zone 1 distance 
relay set for 8596 of the line will cover from 70 to 
88% if the breakers are all in, and from 85 to 100% 
of the line after the far breaker opens. 

2. For most applications, a zone 2 distance relay with- 
out mutual compensation will provide complete end- 
zone coverage when set for 150% of the line. 

3. Compared with an uncompensated relay. mutual 
compensation usually increases zone 1 coverage with 
the breakers all in, but decreases sequential coverage. 

4. Mutual compensation must be used with caution 
when “looking into” a weak source. In these cases, 
Kolo flows from A toward В, and for faults near C, 
the large mutual compensation current from the 
parallel line can cause misoperation. 


To use mutual compensation, the parallel line must 
terminate in the same station in order to have its current 
available. This cross-connection is complex and in- 
creases the possibility of an incorrect connection or test- 
ing mistake. 

If currents flow in the source direction in all the lines, 
additional parallel lines can cause greater relay under- 
reach for end-zone faults. In this situation, the relay 
must be mutually compensated with all parallel cur- 
rents. However, mutual compensation with three or 
more lines is inordinately complex. If the compensation 
of a given line is necessary, it should therefore be lim- 
ited to the insertion of current from just one parallel 
line. Although this arrangement minimizes complexity, 
as long as mutual compensation is employed, overreach 
hazards still exist. 
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Figure 12-47 A single source loop circuit and its protec- 
tion. 


5. LOOP-SYSTEM PROTECTION 
5.1 Single-Source Loop-Circuit Protection 


5.1.1 Using Directional Overcurrent Relays 


A loop circuit with a single source is shown in Figure 
12-47. For the purposes of the following discussion, all 
breakers in this circuit will be considered closed during 
operation, at least for a significant amount of time. 
(Should a breaker open, the system becomes radial.) 

1. Relay application rules are similar to those for 
radial circuits. Typical uses of the phase overcurrent 
relays for the single-source loop circuit shown in Figure 
12-47 are summarized in Table 12-5. 

2. Nondirectional overcurrent relavs can be used at 
1 and 10. since no current flows through these locations 
for faults in the source system and on bus G. (This 
application is indicated by the double-arrow line below 
the breaker.) 

3. At all other locations, fault current can flow in 
either direction through the relays for faults to the right 
of bus G. These relays will operate when the pickup 
current is above the setting, but only if the current 
(either load or fault) flows in the direction of the arrows, 
which, in each case, is into the line from the bus. 


Table 12-5 Phase Overcurrent Relays for Single-Source 
Loop-Circuit Protection 





Relays if Relays if 
Relays if nondirectional directional 
instantaneous- instantaneous- instantaneous- 

Breaker trip units are trip units are trip units аге 

locations not applicable applicable applicable 

1 and 10 CO CO with ПТ — 

2 and 9 — — KRV (use 
IRV if 
backup for 
line HG or 
TG is 
desired) 

3 to 8 CR CR with ПТ IRV 
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4. In practice, directional relays are usually applied 
at all locations to accommodate any future system 
changes. 

5. For this single-source system, lines HG and TG 
may be protected by directional instantaneous over- 
current relays that can be applied to 2 and 9 and set 
very sensitively. Since the fault current through relays 
2 and 9 goes to 0 as the fault location reaches bus G, 
the directional instantaneous overcurrent relays will not 
overreach. For these same faults, however, the current 
through relay 1 or 10 will be maximum. Either the CO 
relays or, if applicable, instantaneous-trip units will op- 
erate in minimum time. When breaker 1 opens, for line 
HG faults, the current increases through relay 2 in the 
tripping direction. Thus, for line HG faults close to bus 
G, breaker 2 opens sequentially after breaker 1. Sim- 
ilarly, for line TG faults close to bus G, breaker 9 opens 
sequentially after breaker 10. 

6. In principle, the coordination procedure for these 
relays is the same as for a radial circuit. Coordination 
is based on maximum fault current on the remote bus. 
It must be assumed that the loop is open at one end. 
because when the loop is opened between the fault and 
source bus, the current in any branch will increase. 
Instantaneous-trip units, when applicable, must also be 
set on the assumption of open-loop conditions that yield 
maximum relay currents for remote end faults. 


5.1.2 Using Inverse-Time and Distance Relays 


With single-source loop circuits (Figure 12-47), the in- 
verse-time distance-relaying scheme offers distinct ad- 
vantages. The scheme is especially advantageous for 
long loops with many sections, in which the relays at 
the source end breaker would require a long time delay 
for a far-end fault. 

Figure 12-48, the inverse-time distance scheme, con- 
sists of a zone 1 distance relay (21) (type KD-10), along 
with a similar zone 2 distance relay (21) that torque- 
controls a two-unit, inverse-time overcurrent relay (51). 
The reach of the distance relay is independent of source 
impedance variations; it can be set below and is inde- 
pendent of load current. 

Zone 1, set for 90% of the line impedance, protects 
a much larger portion of the line than an instantaneous 
unit. Zone 2 is set through the next adjacent section to 
provide end-zone and adjacent line backup protection. 
Since the two-unit overcurrent relay is torque-controlled, 
it will not operate unless the zone 2 relay has operated. 

The principle of application is shown in Figure 12- 
48. Ninety % of the line is tripped at high speed. For 
the remaining 10% of the line, the operating time of 
the 51 (CO unit) can be made comparatively fast (equal 
to or less than the coordinating time intervals) since 
coordination is with the next zone 1 instantaneous relay, 
rather than the time overcurrent unit. 
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Figure 12-48 Two zone distance with 2-unit torque control 
CO scheme. 


The CO may be set on a tap whose value is less than 
the maximum load current, since the controlling zone 
2 distance unit will not operate on load current. This 
arrangement provides faster end-zone faults and backup 
protection for the adjacent section than directional 
overcurrent relays with instantaneous-trip units. 


5.1.3 Protecting Loop Circuits with Tap 


Circuits with load taps present coordination problems 
if the tap impedance to its bus has the same order of 
magnitude as the impedance from the tap point to the 
remote line terminal. In such cases, time overcurrent 
relays must be coordinated with the protection at and 
beyond the tap bus, as well as with that at the remote 


- bus and beyond. 


With the inverse-time distance scheme, the zone of 
instantaneous protection can be quite limited if the tap 
is near the relay terminal, particularly if zone 1 must 
be set so as not to operate for faults protected by the 
fuse (Figure 12-49). Generally, zone 1 would be set into 
but not through the transformers. This arrangement 
imposes no limitation as long as Zy is greater than 71. 
Fast reclosing and the subsequent lockout of zone ! 
permit the fuse to clear transformer faults. 

The zone 1 setting must be made on the basis о? 
actual ohms, since the infeed effect disappears if the 
loop is open at some point. Also, the zone 1 reach must 
remain short of both the remote end and the low-voltage 
bus. 

If zone 2 reaches through the transformer, the CO 
relay must coordinate with the fuse and low-side break- 
ers. For faults in and on the low side of the transformer. 
the current from the remote end tends to make the 
distance relay underreach. The zone 2 setting may also 
be based on actual ohms unless the zone-2-controlleó 
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Figure 12-49 KD-10/CO protection on section with fused 
transformer tap. 


CO relays are acting as backup to the transformer sec- 
ondary main-breaker relays. In this case, the effect of 
far-end contribution requires that the zone 2 setting 
be determined on the basis of apparent transformer 
impedance. 


5.2 Multiple-Source Loop Protection 
5.2.1 Using Directional Overcurrent Relays 


In general, directional relays are necessary to protect 
loop circuits with multiple sources. The coordination 
problems for such systems are very complex and fre- 
quently require compromises in protection. Imagine a 
system that is similar to the one shown in Figure 12-47, 
except that there are sources at each of the buses (in- 
stead of only at bus G). In this case, relays 1 and 10 
must be directional, and two coordination loops will 
exist. Relay 1 must be coordinated with 3, 3 with 5, 5 
with 7, 7 with 9, and 9 with 1. Similarly, relay 10 must 
be coordinated with 8, 8 with 6, 6 with 4, 4 with 2, and 
2 with 10. In addition, each relay must be coordinated 
with any other circuits or loops connected to that relay's 
remote bus. 

These multiple-source loops tend to close on each 
other, so that there is no specific starting point in the 
coordination procedure and the last relay inevitably does 
not properly coordinate with the first relav. А trial-and- 
error process is necessary to adjust the settings. This 
laborious procedure must be performed for both max- 
imum and minimum operating conditions, as well as the 
various lines in or out of service. 

А good starting point for the coordination process 
is at the largest sources, where the close-in fault current 
will be large and the relay time correspondingly short. 
Many computer coordination programs have been de- 
veloped and used. It is an invaluable aid in this procedure. 
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For illustration, an example for coordination on а 
multiple-loop system is described in Appendix D ot this 
chapter. 


5.2.2 Using Inverse-Time Distance Relay 


As discussed in Section 5.1.2 above, inverse-time dis- 
tance relays (KD-10/CO) can provide high-speed pro- 
tection for 90% of the line section, as well as improved 
protection for the remaining 10% of the line section 
and adjacent lines. 

The relays are used in the same way as described in 
Section 5.1.2. If the protected line is tapped, the relay 
application and settings should be modified as described 
in Section 5.1.3. 

In multiple-source systems, backup protection may 
be limited, since the fault-current infeed from the re- 
mote bus to adjacent line faults can reduce the reach 
of the zone 2 distance relays. The infeed also affects 
the fault levels for overcurrent relays. Nevertheless, 
inverse-time distance relays are generally easier to ap- 
ply, permit more sensitive settings of the inverse-time 
overcurrent units (settings below load), and improve 
fault clearing times. Selecting an inverse-time charac- 
teristic compatible with the characteristics of other sim- 
ilar relays in the system simplifies coordination. 


6. SHORT-LINE PROTECTION 
6.1 Definition of Short Line 


Many problems associated with so-called short lines. 
however. are actuallv related to the SIR value. SIR, 
the source impedance ratio. is the ratio of the source 
impedance to the line impedance. As the SIR value 
increases, so do application complexities. A 10-mile line 
with a low SIR value may be considered a “long” line, 
whereas a 100-mile line with a high value may face many 
of the problems associated with “short” lines. 


6.2 Problem Associated with Short-Line 
Protection 


In the past. many short lines were protected by a current- 
only scheme. Today, distance relays are being used more 
than ever before. The difficulty associated with short- 
line protection is the zone 1 overreach problem. Over- 
reach may be caused by the following factors: 


Current and/or voltage transformer inaccuracy 
Ratio of the source impedance to line impedance 
Relay sensitivity 

Voltage transformer transient problem 


Бою 


6.3 Current-Only Scheme for Short-Line 
Protection 


A current-only scheme does not require voltage infor- 
mation. and this somewhat reduces the complexity of 
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Table 12-6  Three-Phase Fault Currents 
Instantaneous- Coverage 
Zs Tee I,- trip unit DU JE EE: 
(О) SIR EV (А) setting (Q) % 
1,5 i i38.6 69.3 90.1 0.27 53.8 
L4 2 69.3 46.2 60.1 0.15 30.6 
DEN 3 46.2 34.6 45.0 0.04 8.0 
zu 4 34.6 27.7 36.0 No No 





protection. Also, it provides better coverage on arc and 
fault resistance than the distance schemes. However, 
most of the time, the application of current-only schemes 
on a short line may be a problem in terms of direc- 
tionality, and also the application is a function of the 
SIR. Table 12-6 shows that the coverage is limited as 
the source impedance is increased. Table 12-6's data 
are based on the following assumptions, which can be 
calculated from Equation (12-2): 


Source voltage = 69.3 V 

Line impedance = 0.5 0 

ір, 1є› = faults at 0 and 100% of the line section, 
respectively 


Instantaneous-trip unit setting = 1.3 (Т) 


6.4 Distance Relay for Short-Line Protection 
6.4.1 Sensitivity 


In general, as the reach setting of a distance relay is 
reduced, the fault current required to operate the relay 
increases and the operating time of the relay also in- 
creases. Therefore, for short-line application, more fault 
current is required for the relay operation. 

For many short-line applications, the sources are quite 
strong and the fault currents high; however, for those 
systems with high source impedance ratios, the current 
sensitivity of the relay must be considered. 


6.4.2 Effect of Source Impedance Ratio 


Table 12-7 shows the per unit values of Vp, the fault 
voltage at the relay location, and IgZc-V, the relay 
operating voltage, for the simple system of Figure 12- 





Table 12-7 
SIR Ve Vg-lgZc 
0.25 0.754 0.133 
1.00 0.433 0.076 
10.00 0.071 0.012 
30.00 0.025 0.004 


100.00 0.007 0.001 


Chapter 12 








Figure 12-50 Sample system for short line relaying. 


50 with а fault applied at 85% of the relay reach. The 
relay is set for 90% of the line, i.e., “с = 0.9Z,. 

The relay operating quantity, V&-IgZc, becomes very 
small when the SIR value increases. For example, on 
SIR - 30, the voltage that can be applied to the relay 
Ур and the relay operating quantity are less than 3 and 
0.5%, respectively. When the signals are so small, any 
error in the voltage or current can be substantial relative 
to the theoretical values. 


6.4.3 Current Source 


Current transformers used with distance relays should 
not saturate for faults occurring at the balance point. 
Limited saturation for faults inside the operating zone 
presents no problems for the relays, as long as the relay 
current is not reduced or shifted enough to cause the 
impedance phasor to fall outside the operating zone. 
However, since this determination requires a complex 
calculation, it is desirable to use good-quality current 
transformers for short-line applications. 

The dc offset component of the fault current may 
cause a transient overreach for a distance relay. This 
tendency is particularly important for zone 1 applica- 
tions. If the compensators of the distance relay are air- 
gap-type transformers, the transient overreach will be 
negligible. 


6.4.4 Potential Source 


Most conventional voltage transformers are adequate 
for use with distance relays. The subsidence transient 
of some capacitor voltage devices, CCVT, requires a 
special setting consideration or an added time delay for 
static zone 1 relay applications. 

As the source impedance ratio increases, the fault 
voltage at the relay location decreases. The lower ac- 
curacy of the potential source at this lower voltages may 
limit the usefulness of a zone 1 unit in short-line ap- 
plications. 

The transients associated with the capacitive cou- 
pling devices used to obtain the line voltage for the 
relay systems have been known to cause problems in 
static relay applications. In general, there are two areas, 
directionality and transient overreach, where the sub- 
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sidence transient behavior of the CCVT can signifi- 
cantly affect static relay performance. 


1. Directionality. The transient error of a CCVT is 
greatest for zero-voltage faults because any output 
is pure error. Therefore, the most severe condition 
for the directionality of a distance relay would be 
a zero-voltage reserse fault. Transiently, the volt- 
age seen by the relay is a function of the design of 
the particular CCVT, the fault initiation angle, the 
fault location, and the burden connected to it. A 
typical waveform is shown in Figure 12-51. For this 
case, the polarity of the voltage from the CCVT is 
out of phase with the prefault voltage in the second 
half-cycle after the fault occurs. For a distance re- 
lay, a trip output is produced when the operating 
signal (Ур-1-?с) is out of phase with the polarizing 
signal Уш. For a relay without memory action, this 
can result in a reversal of the polarizing quantity 
relative to the operating quantity (Ур-1-7с) that 
will result in a misoperation. The use of memory 
action in the polarizing circuit will insure proper 
directional action for this case if it can ride over 
the CCVT transient error. However, misoperation 
may still occur, if the magnitude of the I4 Z. signal 
is less than that of the CCVT transient. This mis- 
Operation is caused by the phase reversal of the 
IpZc operating signal, not the polarizing signal: 
therefore, the use of cross-polarization or memorv 
voltage will not prevent misoperation. This prob- 
lem is most evident when the magnitude of the 1,2 
signal in the relay is small. Thus, it can occur when 
the fault current Ip is low and/or the reach of the 
relay “с is small. 

2. Transient overreach. In general, all relays include 
memory action for a short time after the fault oc- 
currence. This memory action is important to the 
performance of a Mho distance relay regardless of 
the transient under- or overreach. As the location 
approaches the end of the line, the magnitude of 
the operating signal Vg-IgZc approaches 0. As the 
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Figure 12-51 Typical CCVT transient voltage for a zero 
«itage fault. 
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magnitude of Vg-IgZ. is reduced. the Бест of any 
erroneous voltage, such as the CCVT transient. is 
increased. If the output voltage is momenzariy lower 
than the true value, the relay may overreach. For 
example (Figure 12-50), with an external Zauli F2 
on the remote bus with zone 1 set for 9077 o the 
line, the current and voltage, as well as the V... 
and Vg-IgZ. relay signals, аге as shown in Figure 
12-52. Note that in the second half-cycle after the 
start of the fault, the CCVT transient has caused 
the Vp-IpZc signal to reverse polarity with respect 
to the polarizing voltage. This is the operating con- 
dition for the unit. The problem is most evident 
when the magnitude of the 17е signal in the relay 
is small. This can occur when the fault current is 
low and/or the reach of the relay is small. It can be 
the situation when the relay is applied to a high 
source impedance ratio condition. 


6.4.5 Arc/Fault Resistance 


As the source impedance ratio increases, the voltage 
drop in the arc becomes a significant percentage of the 
voltage at the relay location. With a source impedance 
ratio of 100, the arc voltages are greater than, several 
times over, the voltage drop in the line. The apparent 
arc impedance seen bv the relay is thus greater than 
the line impedance. again several times over. 

Because the magnitude of the apparent arc imped- 
ance is greatest at high source impedance ratios. the 
performance of both phase- and ground-distance func- 
tions will be similarly affected under those conditions. 

The infeed from another source will not affect the 
magnitude of the apparent arc impedance seen by the 
relay, but the angle of the apparent impedance. The 
change in angle of the impedance could cause a distance 
function to overreach, or underreach, or have no effect 
at all, depending on the design of the relay. 

If faults involve ground, the total resistance in the 
fault is composed of arc resistance plus fault resistance 





Figure 12-52 Distance relay transient overreach caused 
by subsidence transient voltage. 
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that can һе very large depending on the components 
involved in the fault. For example. a tree fault, or a 
fault to ground through a fire, can have a very large 
resistance component relative to arc resistance. The 
effect of infeed on this component is to magnify the 
resistance. as well as shift it in phase angle. 


7. SERIES-CAPACITOR COMPENSATED-LINE 
PROTECTION 


7.1 A Series-Capacitor Compensated Line 


Transmission lines are inherently inductive. The pur- 
pose of a series capacitor is to tune-out part or all of 
the transmission-line inductance. In a network without 
series capacitors, faults are inductive in character and 
the current will always lag the voltage by some angle. 
Commonly used types of line protection can detect a 
fault and by operating circuit breakers clear it fast and 
selectively. With the series compensation of the trans- 
mission line, capacitive elements are introduced, and 
the network will no longer be inductive under all fault 
conditions. The degree of this change is dependent on 
the line and network parameters, extent of series com- 
pensation, type of fault, and fault location. 

The capacitive or apparent capacitive nature of the 
fault current may cause the line protection to fail to 
operate, or to operate incorrectly, unless careful meas- 
ures are taken to acknowledge this problem. Due to 
the capacitive nature of the fault loop, a complication 
with respect to protection may arise both on the com- 
pensated line as well as adjacent lines. 

Series capacitor banks are equipped with spark-gaps 
that bridge the capacitor and often with metal oxide 
protective devices. The spark-gaps are set to flash over 
at a voltage two to three times the nominal voltage of 
the bank. When the spark-gaps flash over, the network 
is restored to an inductive nature. In spite of this, the 
protection complications remain. Spark-gaps flash in- 
stantaneously when breakdown voltage 1s reached, but 
following a fault, time is required to reach this level 
and some faults will not cause the gaps to fire at all. 
The time to gap-flashing is often longer than the op- 
erating time of high-speed line protection. The effect 
of capacitive reactances must be evaluated even for 
faults that flash the spark-gaps. Adding to these com- 
plications is the fact that transients are generated due 
to the presence of the series capacitor at the occurrence 
of the fault, as well as at the instant of spark-gap flash- 
ing. 

The use of metal oxide devices in parallel with the 
series capacitor introduces another element of concern. 
These units are never removed unless they themselves 
are jeopardized. Their level of conduction is approxi- 
mately 1.5 times the rated peak voltage of the series 
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capacitor. When voltage in excess of their conduction 
level appears across the metal oxide device, their 
impedance is reduced markedly, causing the series ca- 
pacitor to be partly bypassed. However, when the volt- 
age decreases to a level below the threshold, the imped- 
ance of the device becomes very high, and the capacitor 
is effectively reinserted. This action provides another 
level of transient generation, but, in general, it causes 
a softer impact on protective relaying than simple spark- 
gaps. 

The metal oxide devices are bridged with triggered 
spark-gaps to limit the energy generated in the device 
during fault conditions. Therefore, the protective relays 
then must be able to handle the effect of both the metal 
oxide device and spark-gaps. 


7.2 Relaying Quantities Under Fault Conditions 


The effect of series compensation on transmission-line 
protection depends on the location of the capacitors 
and degree of compensation. Figure 12-53a is an ex- 
ample of a one-line diagram of a series capacitor and 
transmission line. Figure 12-53b is the steady-state 
R-X diagram. Because of the fact that the capacitor 
bypass protective equipment may be conducting or not. 
the apparent impedance as viewed from location A for 
a fault at B may appear vastly different. 

Figure 12-54 illustrates the influence of a nearby 
series-capacitor bank. Faults nearer the capacitor-line 


Хс«508х 










; i ЯСОВ- GAPS NOT FLASHED 
: RCD'B'- GRPS FLRSHED 
! RCD'B'- METAL-OXIDE CONDUCTING 


Ja EFFECT O METAL OXIDE 
' ¢D" LOCUS DEPENDS ON LINE CURRENT) 


(b) 


Figure 12-53 Apparent impedance as viewed from station 
“A” for a fault at B. 
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Figure 12-54 Apparent impedance at 60 HZ under fault 
conditions. 


junction as viewed from location A will have a very 
large negative reactance character. This negative re- 
actance is actually due to a reversal of the voltage at 
the relaying point or, under certain conditions, reversal 
of the current through the series capacitor. 

Voltage reversal occurs at the bus if the negative 
reactance of the series capacitor is greater than the 
positive reactance of the line section to the fault loca- 
tion. Current reversal occurs if the negative reactance 
of the series capacitor is greater than the sum of the 
source reactance and line reactance to the fault location. 
Figure 12-55 depicts this condition. 

"Current reversal" ог **outfeed" can also occur in 
some applications where a fault is at the capacitor line 
junction and a parallel line exists between buses А and 
B. Figure 12-56 describes for a typical case the variation 
of voltage to be expected at various locations in the 
power system. Note that there is no voltage inversion 
in this case. “Current inversion" occurs at 2. Current 
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Figure 12-55 Voltage and current reversal. 
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Figure 12-56 Typical voltages and currents for fault at 
capacitor-line function. 
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at 4 also falls in the direction opposite to that for the 
same case without series capacitors. Whether line-side 
or bus potentials are used for the relays makes no dif- 
ference in establishing the direction for this fault. 

As can be seen in Figure 12-55a, the zero voltage 
point in the system can be moved farther back as a 
result of multiple lines contributing to a fault near the 
capacitor-line junction. The negative reactance of the 
capacitor is enlarged compared to the positive reactance 
of the adjacent lines. This can result in zero voltage 
occurring on lines that are located far away from the 
series capacitor. The voltage can be 0 only in a network 
with negligible resistances. In a real network, the re- 
maining voltage is so small that it can be regarded as 0. 


7.3 Distance Protection Behavior 


Series compensation of a network will affect the dis- 

tance protection on both the compensated line and ad- 

jacent lines connected to buses where a voltage reversal 

can occur. Generally, the most severe problems occur 

with the relaying associated with the adjacent line. 
The following problem areas can be identified: 


Determination of direction to a fault 

Low-frequency oscillation 

Transients caused by flashing of bridging gaps 

Transfer of capacitor reactance to resistance by a metal 
oxide element bridging the capacitor 

Zone reach measurement 

False voltage zeros 


There will be difficulties with distance protection in 
determining the correct direction of a fault in a station 
where a voltage reversal can occur. When direct po- 
larization (polarization voltage from the faulty phase) 
is used, the protection on both the faulty and healthy 
lines may see the fault in an improper direction. This 
false determination of direction will take place with 
both mho relays and plain directional elements. 

To overcome this and achieve correct directional 
measurement, polarization quantities from the healthy 
phases are utilized. Healthy phase quantities will not 
be reversed and a correct directional measurement 
achieved for all unsymmetrical faults for an unlimited 
time. 

Cross-polarized mho relays would under some fault 
conditions overtrip for faults on adjacent lines because 
of the use of a single comparator for both the direction 
and reach measurement, and therefore, additional 
measuring criteria are required. 

In the case of the three-phase fault, where all phase 
voltages reverse, only memorizing the prefault polar- 
izing voltage can correctly determine direction. Nor- 
mally in distance protection, memory voltage is used 
only when the voltage is reduced to some percentage 
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of the nominal voltage. These criteria cannot be used 
when a voltage reversal occurs. The use of memory 
voltage must be controlled by general nondirectional 
three-phase fault criteria. 

The time the memory voltage can be used must be 
limited to approximately 100 ms. Today, memory can 
be made very accurate, but in the case of a three-phase 
fault, the prefault condition should only be extrapolated 
for a limited time after the fault. The network is in a 
changing state and will run out of synchronism with the 
memory. Therefore, directional measurements have 
to be sealed in after the time the memory becomes 
unreliable. 

The transient caused by flashing of bridging gaps will 
jeopardize the security of the relaying system. Also. 
line-energizing transients are high-frequency in char- 
acter and could cause some relays to operate. To avoid 
unwanted tripping, low-pass filtering of the measuring 
quantities is necessary. 

The problems above require that bandpass filtering 
be used on the measuring quantities. The requirement of 
bandpass filtering exists in all distance protection, but is 
much more pronounced in applications involving series- 
compensated networks to avoid unwanted operation. 

With an increase in current through the capacitor 
bank and an increased "conducting angle" of the par- 
allel metal oxide element, the capacitive reactance will 
start to diminish and the combination will have a re- 
sistive component as seen in Figure 12-53. When setting 
impedance relays on the compensated line, allowance 
for this apparent resistance is necessary to assure trip- 
ping at all fault-current levels. 


7.4 Practical Considerations 


The diversity of problems associated with the intro- 
duction of series capacitors to transmission lines makes 
the selection of relaying systems and principles difficult. 
Voltage-related problems are the main reason for which 
current-only systems, like MSPC, are preferred for pro- 
tecting lines equipped with series capacitors. 

For high-speed relaying of a series-compensated 
transmission line, the use of a pilot system is unavoid- 
able. If directional comparison systems are used, dis- 
tance elements provided with an acceptable duration of 
“memory” and very special logic should be available. 
A reverse-looking unit with memory action is used to 
block high-speed tripping. 

If phase-comparison systems are used, like MSPC, a 
relaying channel is required to transmit the information 
of the currents from side to side such that a phase com- 
parison of the currents could take place. The simplicity 
of the logic is attractive, and the well-proven concept 
has an advantage over directional comparison systems 
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with extra logic. Directional and phase-comparison sys- 
tems are inherently dependent on the channel. 

In MSPC, provisions have been made to include as 
backup both time-delayed zone 2 and zone 3 distance 
units. Both zones are composed of one phase-to-phase 
unit and three phase-to-ground units. 

The phase-to-phase unit, described before and in the 
appendix, is inherently directional and will sense faults 
in the forward direction only. Therefore, the series ca- 
pacitor(s) will always be in the protective zone regard- 
less of a flashing-gap state. 

The phase-to-ground units have their limitations. The 
units have a forward and reverse reach that is selectable. 
The unit is described in the appendices. The main pur- 
pose of the intentional reverse reach is to include neg- 
ative reactance in the operating area of the unit. 

These zone 2 and zone 3 protective zones being non- 
directional, the time delay introduced into the units 
should coordinate with any step-distance zone outside 
the transmission line. Generally, zone 2 should not 
overreach zone 1 of any adjacent line as zone 3 should 
not overreach zone 2 if possible. 

The apparent impedance to the distance relay de- 
pends on the state of the surge protective devices in 
parallel with the series capacitor. It is important for a 
zone 2 application that the transmission line be totally 
covered. For this reason, zone 2 and zone 3 settings 
should be calculated for a totally uncompensated line. 
This way, the settings will make sure that the line is 
fully covered under all operating conditions. Figure 12- 
37 illustrates the coverage of a zone 2 application. 

The reverse-reach characteristic of the ground units 
enables the proper coverage of the negative reactance 
of the series capacitor as shown in Figure 12-57. It is 
unfortunate that the unit is not inherently directional 
since it will operate for reverse faults; however, for a 
time-delayed, backup zone, this is acceptable. 

In applying stepped-distance protection to a series- 
capacitor environment, coordination may be a problem 
since the reach of the zones depends on the conducting 
state of the surge protective equipment for the capac- 
itor. Some compromises will result from the application 
and they may include the time delaying of the com- 
nensated line protective zones to also time-coordinate 
with adjacent lines. 


8. DISTRIBUTION FEEDER PROTECTION 


For the purpose of relay application, a feeder is con- 
sidered to be radial if, at a particular relay location, the 
maximum backfeed (fault current in the nontrip direc- 
поп) is less than 25% of the minimum fault current for 
*hich the protective relay must operate. 


(E93 
ол 
( 














Figure 12-57  Series-capacitor line protection. 


8.1 Relay Coordination with Reclosers and 
Sectionalizers on a Feeder 


Figure 12-58 shows a typical feeder circuit using a circuit 
breaker, recloser, sectionalizers, and fuses. The three 
reclosures of breaker G should be time-delayed to allow 
clearing of faults beyond recloser H. The first reclosure 
can be instantaneous, however, if the instantaneous- 
trip units of the relays can be set short of H, and the 
reclosing relay can lock out subsequent instantaneous- 
trip operations after the first reclosure. The recloser at 
H can be set for either one or two instantaneous reclo- 
sures; the other two or three should be time-delayed. 

Reclosures are circuit-interrupting devices, similar to 
circuit breakers, that include automatic tripping and 
reclosing facilities. Normally, there are four reclosures 
before lockout: one instantaneous and three adjusta?lz. 


Substation 





Note: Сб =Circuit Breaker уу?” 2-57" 52:1: oÑ 
Н = Circuit Recloser 
C,Dand E= Fuses 
JandF= Sect 22 revs 


Figure 12-58 Турса distribution ісі protection. 
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Figure 12-59 Low voltage air breaker time characteristics (type DS). 


time-delayed. Three types of controls are used: series 
trip, relay trip, and static control. Series-trip and static- 
control reclosers have adjustable time characteristics 
over a wide range of minimum pickup and curve shapes. 
To simplify coordination with protective relays, the 


relay-trip recloser can be equipped with any of the in- 
duction disc and instantaneous time-overcurrent relays. 
Whenever possible, relays with the same types of time 
characteristic should be used. Adjustment of the time 
curve shape for the series-trip and static-control re- 
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closers usually simplifies coordination with relays. There 
may be problems, however, in cases requiring coordi- 
nation with relays, reclosers, and fuses, in that order. 

Sectionalizers are usually single-pole devices. which 
do not have fault-current-interrupting capability but can 
sectionalize a distribution feeder during a permanent 
fault. 

The sectionalizer is opened by an integrator that. in 
turn, is operated by the fault-current pulses resulting 
from the initial fault and subsequent opening and re- 
closing cycle of a recloser, or by the reclosing of circuit 
breakers ahead of the recloser. The integrator counts 
the number of current pulses and opens the sectionalizer 
after the count has reached a preset value and the circuit 
is dead. 

Sectionalizers simplify the coordination of reclosers 
and fuses, since, for currents above the recloser's min- 
imum trip, the sectionalizer can be set to open for any 
0 current point in the reclosing cycle. This sequence 
ensures that the fuse is not subject to any additional 
fault current. 


8.2 Coordinating with Low-Voltage Breaker and 
Fuse 


Low-voltage breakers, used for circuits of 600 V and 
below, have built-in solid-state overcurrent trip devices 
that actuate a solenoid trip mechanism. Tripping energy 
is obtained from the primary fault current, rather than 
a separate station battery. The time-current character- 
istics of these devices are different from those for the 
CO time-overcurrent relays. 

As shown in Figure 12-59, there are four different 
characteristics: a long delay phase with an inverse char- 
acteristic (top right section of the curves), short delay 
phase (middle section), phase instantaneous with no 
intentional time delay (lower right section), and ground 
(left curve). The settings are continuously adjustable 
and can be easily set and tested in the field with a 
portable test set. An operating band rather than a curve 
is used to describe their characteristics. 

A typical application of these breakers at a 480-V 
secondary unit substation and load center is shown in 
Figure 12-60. A typical application with coordination 
curves is shown in Figure 12-61. The key system current 
data are plotted first as an aid in coordinating and set- 
ting the various devices. These are (1) motor starting, 
(2) transformer full load, (3) transformer magnetizing 
inrush estimated at 8 to 12 times the full load at 0.1 
sec, (4) the three-phase fault current (19,600- and 4800- 
А) backfeed from the motor loads, and (5) the total load 
center bus three-phase fault current (20,000 A). This ex- 
ample assumes several motor feeders, although only one 
is shown. Circuit breakers C and E coordinate with B. 
On double-ended substations where a normally open tie 
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breaker (E) is used. the incoming (C) and tie (E) breakers 
have duplicate settings. except for the short time delay. 
The incoming line breaker (C) is set to operate one time 
interval longer than the tie breaker (E). 

The primary protection for the high-voltage side of 
the secondary unit substation normally is furnished by 
high-side current-limiting fuses. As illustrated in Figure 
12-61, with a high capacity source, the current-limiting 
fuse is current-limiting for faults as low as 33% of a 
maximum fault. The fuse curves (D) provide very ad- 
equate phase-fault protection, but not for ground faults. 
These are normally restricted and not isolated by a fuse. 

This fuse protection is very inadequate for trans- 
former secondary faults located between the trans- 
former and main secondary breaker (C). The maximum 
secondary fault would take approximately 1 sec to blow 
the fuse. For a more probable 50% fault, the fuse would 
take between 15 to 20 sec. This illustrates that a high- 
side fuse is very good for primary maximum phase-to- 
phase and three-phase faults, but very inadequate for 
the more probable high-side ground faults and re- 
stricted secondary faults. 

The best protection and coordination with the sec- 
ondary-unit substation secondary protection are pro- 
vided by type CO-4 relays at breaker F. This relay has 
a step-time characteristic that approaches the low-voltage 
breaker characteristic very closely (Figure 12-61). The 
СО-4 relay consists of a long time-overcurrent unit (CO- 
5 characteristic) and two instantaneous-trip units. one 
of which (IT) operates through a timer that can be 
adjusted from 0.25 to 3.0 sec. Normally, the IT unit 
has a range of 10 to 40 A; the second unit (IIT) has a 
range of 20 to 80 A. As illustrated in Figure 12-61. the 
CO-4 will recognize a transformer secondary fault down 
to 2596 of the maximum value and operate in 0.6 sec. 

Extremely inverse CO-11 relavs could be applied and 
set as shown as an alternative to the CO-4. Usually, it 
is very difficult to coordinate this characteristic between 
the breakers’ time interval (CTI). Long operating times 
will occur for light secondary faults as compared to the 
СО-4. 
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Figure 12-61 Protection and coordination for a typical secondary unit substation and load center. 


In areas of high load density, the trend in secondary- frame breakers than the load requirements dictate. When 
unit substations is toward larger and fewer units to larger-frame breakers are required, smaller-frame in- 
transform the distribution voltage down to a utilization tegrally fused circuit breakers (such as the DSL) тах 
voltage of 600 V or less. be economically applied. 

Associated with the larger units are higher inter- A fused breaker is a standard breaker (type DS) with 


rupting requirements that may necessitate much larger- special current-limiting fuses (limiters) to extend the 
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Legend: 

Ig = The Available Peak Foult Current 

tm = The Melting Time 

Tp = The Peak “Let Through" Current 

їо = The Arcing Time 

їс = The Total Interrupting (Clearing) Time 













Figure 12-62 Peak let through current of a current limiting 
fuse. 


upper limit of interrupting capability to 200,000 sym- 
metrical rms A. This breaker-fuse combination (type 
DSL) may consist of integral or separately mounted 
apparatus. 

The current-limiting fuse restricts the peak *'let- 
through" current on the first cycle to a value that is 
within the air breakers’ interrupting capability. This 
limiting is illustrated in Figure 12-62. Figure 12-63 shows 
the instantaneous peak currents for various fuse ratings 
as a function of the available short-circuit rms sym- 
metrical current and system x/r ratio of 6.6. Note that 
the peak let-through values obtained from the curves 
take into account the 1.414 factor from the peak-to-rms 
ratio and a factor of 1.62 for the maximum offset effect. 
Тһе total ratio is, therefore, 1.414 x 1.62 - 2.29. 

Data on the use of current-limiting breakers and min- 
imum recommended fuse sizes are available from man- 
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Figure 12-63 Characteristics of current limiting fuses for 
a system X/R ratio of 6:6. 
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ufacturers. Loads to which these breakers azz i775: 
are protected against single phasing by an inteviccs is- 
vice that trips the breaker when any one fuse bios 


APPENDIX A: EQUATION (12-2) 
Let 


n — per unit of line-section length protected 
by the instantaneous unit 
instantaneous unit pickup current, Irr 


K. = е; 
maximum far-end fault current, Ip 


SIR = source impedance ratio 
source impedance, Zs 
protected line impedance, 2. 





Since 
L= 1 ic 1 
FE Z Же m + nZ, 
K bhr č 7%+7 _ SIR+1 
' ] Zt+nZ SIR+n 
Solve for n 
SIR(1 — К) + 1 
= EN раа: DU (12-2) 


APPENDIX B: IMPEDANCE UNIT 
CHARACTERISTICS 


B.1 Introduction 


There is no topic in protective relaying more challenging 
and interesting than high-speed relaying using distance 
concepts. It is also true that the operation of different 
impedance units remains a mystery for most engineers 
and has generated several misconceptions on imped- 
ance relay applications. In most cases, as it should 22: 
any application, the characteristics of the distance z.z- 
ments are not an issue. Most of us tend to E erem 
the influence that particular system parameters Rans сп 
the performance of the units. 

The purpose of this appendix is to illustrate 13 тет 
formance and characteristics of the differen: cistance 
elements found in ABB relavs. More than stress: = 
operating characteristics of the units 
notice that the equations and ders: ae a pie: 
sented are nothing more than acacemic exercises. Per- 
haps, as will be described. the simple mathematical 
models of the units are overshadowed by the superior 
performance of the distance elements in real life. 

This appendix will introduce step by step the various 
factors influencing the performance of distance ele- 
ments. Symmetrical components analysis is important 
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and will be used throughout the development of the 
equations. 

For a good understanding, the basic idea of a com- 
parator 15 introduced first and a general procedure de- 
scribed. Some of the common units in ABB relays will 
be described as an illustration of the use of comparators. 
Finally. a brief discussion of derived characteristics will 
complement the contents of this appendix. 


B.1.1 Basic Idea of a Comparator 


Phasors are fundamental quantities in the analysis of ac 
systems. A comparator is a design element used in re- 
lays to compare two phasors either in magnitude or 
‘phase. A distance relay will always have a phase com- 
parator or magnitude comparator regardless of the tech- 
nology used, i.e., electromechanical. solid-state, and 
microprocessor-based relays. 

Protective relaying is a binary science; either it is a 
"go" or "no go" condition. The diverse units used in 
any discipline of protective relaving determine that the 
system is normal or abnormal. A comparator will give 
the relay system an output when the conditions for op- 
eration are satisfied. Since phasors are expressed in 
magnitude and phase, there are two types of compar- 
ators: phase and magnitude. 

Phase Comparators In Figure B-1, given two arbi- 
trary phasors, S, and S,, the output of a phase com- 
parator is a logic “1” (the comparator has operated) if 


Ries Ме=?®% (В-1) 
5; 

as a limiting condition, and 
(—90°) < 25, - 45, < (+90°) (B-2) 


if we define the operating characteristic of the phase 
comparator, as shown in Figure B-2. 

The quantity 
- 151 

|5, 


М 







PHASE 


COMPARATOR 





Figure 12B-1 Phase comparator concept. 
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S,= Operating quantity 


SS S,= Polarizing quantity 


Figure 12B-2 Phase comparator operating characteristics. 


is any arbitrary magnitude for the condition to be met 
and it does not affect the operation of the phase 
comparator. 

The characteristic angle of +90° determines a sym- 
metric characteristic. This does not mean, however. 
that other limits have not been used, as will be described 
later. 


Magnitude Comparators Given two arbitrary pha- 


sors, $4 and Sg, the output of a magnitude comparator 
is a logic “1” (the comparator has operated) if 


ЗА Сеј” (В-3) 
Ss 


This is a boundary condition, and 


[Sal > [Sal (B-4) 
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Figure 12B-3 Magnitude comparator concept. 
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Figure 12B-4 Magnitude comparator operating charac- 
teristics. 


defines the operating characteristic of the magnitude 
comparator (see Figures B-3 and В-4). The quantity C 
is a constant and r any arbitrary angle. Generally, C 
has a value of 1. 

Relationship Between a Phase and Magnitude Com- 
parator The characteristics of a phase comparator and 
magnitude comparator are totally different. However, 
the inputs to a magnitude comparator. S4 and Sg. can 
be related to those to a phase comparator, S, and S;, 
so that the output of both comparators is equivalent. 
The relationships between (S4 and Sg) and (S, and S;) 
are 


Sa = 5, + S; (B-5) 
Sp = 8; - 5; (В-6) 


Equations (B-5) and (В-6) imply that a phase compar- 
ator with inputs S, and S, will provide the same output 
as a magnitude comparator if the inputs S4 and 5, have 
the values shown above. Refer to Figure B-5. 

It is also true that if an equivalent phase comparator 
is to be derived from a magnitude comparator, the fol- 
lowing relationships are equivalent: 


Si = эл зш (В-7) 
S, = эз) (В-8) 


B.1.2 Generalized Use of Phase Comparators 


Phase comparators are used widely in distance relay 
designs. The input phasors are generally a combination 
of voltages and currents. From these inputs, the ratio 
V/I, or impedance, is proportional to the distance to 
the fault, and it is indeed the quantity of interest. 


265 


Most distance relays do not measure Z = W/I di- 
теспу. but the operating characteristic of the R-X 
diagram is derived from the characteristics of the 
comparator. 

In general. the inputs to a phase comparator will have 
the folowing format: 


СИЕРА (В-9) 
(В-10) 


$= Vx 


where V anc I are tne voltage and current of interest 
to dere 2. or the unit characteristic of the R-X 
diagram. 

Constants k.. k-. kz. and К. are design constants that 
тау be complex and introduce à phase shift. 

In this section. a general procedure to derive the 
impedance characteristic of the comparator on the Z = 
V/I plane will be developed. The procedure will be used 
later to derive a variety of distance unit characteristics 
used in ABB relays. 

Using Equations (B-1), (B-9), and (B-10) for a phase 
comparator, we get 


5, 5 
---ң М 5190 
od 
o kV +kl 
k,V + k,l 


К, (V/D = (kxk) 
К, (V/D) + (k/k;) 
_ k, Z + (k/k,) 


"s Z + (k/k) UM 


In most applications, К, and К; are real numbers; there- 
fore, Equation (B-11) can be simplified, as shown in 
Equation (B-12), for any value of M, 


Z-a 





= ж |90 2 
Z-b M,e (B-12) 
where 
k, 
= -~ B-13 
ы: (В-13) 
k4 
b= -— B-14 
К; ( ) 


The quantities а апа b are vectors апа do have the same 
units as Z, i.e., they are impedances as well. In general, 
a and b will be sufficient to define the operating char- 
acteristics of the unit. 

Equation (B-12) defines the operating characteristic 
of the phase comparator. If a number of impedances Z 
could be found on the Z = УЛ plane that satisfy Equa- 
tion (B-12), an impedance locus can be determined, 
defining the operating and nonoperating regions of the 
comparator in the R-X diagram. 
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Phase Comparator output = 1 


ы 


Phase Comparator output = 0 
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5, = 5, p 5, 
IS,/ > ISyl 
Magnitude Comparator output = 1 


$,= S,+ S, 





IS, I < ISgl 
Magnitude Comparator output - 0 


Figure 12B-5 Equivalent operation of a magnitude anda phase comparator. 


Vectors a and b are fixed, but can be thought as 
reference points in the R-X diagram. 


B.1.3 Generalized Use of Magnitude Comparators 


Conceptually, magnitude comparators, as well as the 
general procedure to derive the comparator character- 
istic on the R-X diagram, are simpler than those for a 
phase comparator. 

If the inputs S4 and Spg are expressed in terms of 
impedances, either the power-system or relay setting 
impedances, then by using Equation (B-3), with C = 
1, the operating characteristic of the comparator in the 
R-X diagram can be defined. 


B.2 Basic Application Example of a Phase 
Comparator 


The basic steps outlined above will be illustrated in this 
section. For this purpose, let V and I be the voltage 
and current input to the relay and the inputs to the 
phase comparator be 


Sum eun] 
S = V 


(B-15) 
(B-16) 


where Z, is the relay setting. From Equations (B-9) and 
(B-10), it follows that К, = 1, k, = —Z,,k, = 1, and 
k, = 0. Using Equations (B-13) and (B-14), we get 


= 2, (B-17) 


a 
b= 0 (B-18) 


For the purpose of illustration only, different con- 
straints will be analyzed. 
1. For —90° < 25, - ZS, < +90°, 


2, – а 
Z- В 





= Me*i” (В-19) 


Referring to Figure B-6, we see that an infinite number 
of impedance vectors could be found that satisfies Equa- 
tion (B-19). The requirement is that the projection of 
the vector from a to Z, (Z — a), satisfy the + 90? angle 
difference to the vector from b to Z, (Z — b), and its 
projection. In Figure B-6, two Z vectors have been 
projected that satisfy the angle requirement. Notice that 
the — 90° requirement is met to the right of Z,, and the 
+90° requirement to the left. A characteristic angle of 
+ 90° and the S, and S, inputs define the popular mho 
impedance locus. Notice that the plot is symmetric. 
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Figure 12B-6 R-X plot for 2S, — «S. = 90°. 


2. A characteristic angle of less than 90° (Figure 
B-7) distorts the Mho circle and modifies it to a char- 
acteristic that is called “‘tomato” due to its similarity to 
the vegetable. 

The characteristic is really composed of two circles: 
one for ZS, - ZS, = +a, and the other for 2S, — 
ZS, = -а. The centers of both are displaced away 
from and perpendicular to the middle of Z.. The char- 
acteristic in Figure B-7 is for a = 45°. 

3. A characteristic angle greater than 90° (Figure 
B-8) distorts the Mho circle and modifies it to a “lens.” 

Again, the characteristic is composed of two circles: 
one for 25, ~ ZS, = +a, and the other for 2S, — 
ZS, = -а. The centers of the circles are on a line 
perpendicular to the middle of Z.. The characteristic in 
Figure B-8 is for a — 135*. 

The conditions discussed above are practical and have 
been used for many purposes in relaying. Although a 
simple description of the procedure has been presented 
where a = Z, and b = 0, these constants can take оп 
different values. 

A practical phase comparator that when modified 
can provide the characteristics just discussed is illus- 
trated in Figure B-9. 

Basically, the timer T determines the characteristic. 
For 60-Hz systems, 4.16 msec equals 90? of the power- 


system cycle. Therefore, a coincidence of at least 4.16 
ms determines the familiar Mho characteristic. 


B.3 Basic Application Example of a Magnitude 
Comparator 


Let V and I be the voltage and current input to the 
relay, and the inputs to the magnitude comparator be 


Sa = 2V - IZ, (B-20) 
Ss = - IZ, (В-21) 


where Z, is the relay setting. 
For a magnitude comparator, the characteristic is 
determined by 


Sa _ ge 
Sp 
2V – IZ. jo 
-IZ s 
Or 
V Z. — Ze 


The characteristics of this magnitude comparator are 
determined by Equation (B-22) and plotted in the R-X 
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SS =- 45° region 


Z - b projection 


Figure 12В-7 R-X plot for ZS, — ZS, = 45°. 


diagram of Figure B-10. The diagram illustrates the 
center of Z,/2 and radius of 7/2. That defines the char- 
acteristic Mho circle. 


B.4 Practical Comparator Applications in 
Distance Relaying 


The above discussion has helped us in understanding 
the use of comparators for distance relaying. The R-X 
diagrams above corresponded to the Z = V/I plane, or 
the impedance seen by the relay due to the voltage and 
current inputs. It is generally accepted that the R-X 
plots are representative of the positive sequence line 
impedance to the fault (Z,,). Most distance units op- 
erate on a combination of voltages and currents from 
the power system and have a definite purpose in op- 
erating for certain types of faults only. Distribution fac- 
tors and load flow that influence the different relaying 
units will be reviewed, and the response of impedance 
units to different types of faults described. 

Distance relays are used in the detection of phase 
faults (phase-to-phase and three-phase) and ground faults 
(single-phase-to-ground). Detecting phase-to-phase-to- 
ground faults is achieved by the operation of the phase 
and/or ground units, depending on the zero sequence 
impedance (Zo) of the system. Another use of com- 


parators is for the familiar blinder lines for out-of-step 
detection. 
B.4.1 List of Symbols to Be Used 


Throughout the remainder of this section, the following 
list of symbols and abbreviations will be used: 


У,, Vi Source voltages 
УА, Vg, Ус Line-to-ground voltages at the relay 
location 


Улт, Vgm» Vem Prefault line-to-ground voltages at the 
relay location (memory voltage) 
Var Vaz: Vao Phase A positive, negative, and zero 
sequence voltages at the relay location 
Phase B positive, negative, and zero 
sequence voltages at the relay location 
Phase C positive, negative, and zero 
sequence voltages at the relay location 


Vai > Vg; , Veo 


Ve , Ve , Усо 


Vin, Уә, Vro Phase A positive, negative, and zero 
sequence voltages at the fault location 
I,, Ip, Ic Line currents at the relay location in 


the tripping direction 

Phase A positive, negative, and zero 
sequence currents at the relay location 
in the tripping direction 

Ip Total fault current 


Tai, I>, Tao 
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Figure 12В-8 R-X plot for 25, — ZS, = 135°. 


Тєзрһ Three-phase fault current ZZ Positive and zero sequence line 
I Prefault load flow impedances 
Zis, Zos Positive and zero sequence source Z. Relay impedance-reach setting 
impedances Zic Zi Positive and zero sequence relay 
Zis, Zos Positive and zero sequence source impedance-reach settings 
А impedances Lick: Lock Forward-positive and zero sequence 
Iss Zos Positive and zero sequence source and relay impedance-reach settings 
line impedances 7 св. Zocn Reverse-positive and zero sequence 
Zw Zo Positive and zero sequence line relay impedance-reach settings 
impedances 
E^ Z= UN plane 
5 





Т = 416 т$ЕС ЕОК А МНО 


T € 4.16 mSEC FOR А "TOMATO" 





T » 4.16 mSEC FOR A "LENS" . б 
Figure 128-10 Mho unit derived from a magnitude com- 


Figure 12B-9 А basic phase comparator. parator. 


Positive and zero sequence relay 

reactance-reach settings 

1» Zo Positive and zero sequence reverse- 

looking impedance 

Zero sequence to positive sequence 

source impedance ratio ZoJ/Z;, 

ZR] Zero sequence to positive sequence 
source impedance ratio 7%,/74; 

ZR, Zero sequence to positive sequence 

line impedance ratio 2/21 


ZR, Zero sequence to positive sequence 
reach ratio Zo/ Zie 

ZR. Zero sequence to positive sequence 
line forward-reach ratio “ огр/ асв 

ZR Zero sequence to positive sequence 
line forward-reach ratio Zo.p/Zicr 

XR, Zero sequence to positive sequence 
reactance-reach ratio X,/X,, 

ZRI Zero sequence to positive sequence 
impedance ratio Zo/Z1i 

PANG Positive sequence line impedance 
angle 

RT Blinder setting 

51, 8, Phase comparator inputs 

Sa, 9B Magnitude comparator inputs 

K, Positive sequence current distribution 
factor 

K, Negative sequence current distribu- 
tion factor 

Ko Zero sequence current distribution 
factor 

ky, К, ks, ky General constants of a phase compar- 
ator equations 

a Complex operator, е +120 

a, b Reference vectors 


В.4.2 Phase-to-Phase Unit 


The operating characteristic of this unit can be better 
understood and derived using the magnitude compar- 
ator concept. It is primarily used to detect phase-to- 
phase faults, for which Figure B-11 applies, for a radial 
system. It has been used in relaying systems such as the 


ТА | ГА) 





Figure 128-11 Sequence network for а BC fault. 
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KDAR (KD, KD-4, KD-10, KD-41, KD-11, etc.), Uni- 
flex (LKD), LDAR (LZM, LDM, LDMS, LZ, etc.), 
and MDAR (фф unit). The inputs to the magnitude 
comparator are 


Sa = Ул» — 142% (В-23) 
Sp = Vai — 141% (В-24) 
S4 is composed of negative sequence quantities only, 
and S, positive sequence quantities only, for which this 
unit is not responsive to load or out-of-step conditions. 


The magnitude comparator operating characteristic 
is defined by Equation (B-3) 


SA VA2 ыр 14:2, e? 

ШТА _ A2 _ Ae _ В-25 

Sp Vai ЕЕ 141% ( ) 
Using Figure B-11, we obtain 

Sa 0 Zs- (CW) 00 gn 
Sp [14,0221 + Z4,)] Др I4;Z. 


or, in the positive sequence R-X plane, the unit's char- 
acteristic equation is 


(Z. m 215) + (Z. T 2.) 
2 2 
Equation (B-26) defines the locus of impedances (Zi) 
for the magnitude comparator to change its output. 


Figure B-12 illustrates the R-X diagram of the unit on 
the positive sequence impedance (7,1) plane. 


В.4.3 Three-Phase Unit 


This unit can be better understood by using the mag- 
nitude comparator concept. Its main purpose is to de- 


Zu e? (B-26) 


jX 






71 plane 


Center: 2с _ Als 
2 2 


Radius: Zc 4 215 
253 


Figure 12В-12  Phase-to-phase unit operating character- 
istic on the Z,, plane. 
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tect three-phase faults; therefore, the simple sequence 
network connection of Figure B-13 applies. It has been 
used in the KDAR (KD, KD-4, KD-10. KD41. KD- 
11, etc.) and Uniflex (LKD) relaying systems. The in- 
puts to the magnitude comparator are 


2; 
Sa = T (2) 


Z, 
Sg = Vai ҚЫ (5i. 


Since for a three-phase fault all quantities are positive 
sequence, the operating characteristic of the unit is de- 
fined by 


(B-27) 


(B-25) 





бА OZD ЕКЕН 
Sp Vat т (7.2161 
- (2/2)1А› e? 





i Zala: = (2./2)1А; E 


(B-29) 


Equation (B-29) defines the locus of impedances (2) 
for the magnitude comparator to operate. Figure B-14 
illustrates the R-X diagram of the unit on the positive 
sequence impedance (Z,,) plane. 


B.4.4 Ground Units 


The implementation of phase-to-ground units has been 
the most difficult. The impedance characteristics of these 
units have been derived for phase-A-to-ground faults 
and, again, the R-X diagrams are determined on the 
positive sequence impedance (7.1) plane. 

For the purpose of generality, since a few ground 
units will be analyzed, Figure B-15 defines the quan- 
tities of interest for a radial system. 

The units to be analyzed in more than one way re- 
quire a positive sequence impedance setting and zero 
sequence impedance setting, although most of the time, 
this requirement is not evident at first glance. 


IA] 


Figure 12B-13 Sequence network for a three-phase fault. 
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211 plane 





Figure 128-14 Тһгее-рһаве unit operating characteristic 
on the Z,, plane. 


It is also worth emphasizing that the R-X plots to be 
derived are based on the positive sequence line impedance 


Va: = Ve 
Ta, 


Туре SDG, SDGU, and LDG Ground Units The prin- 
ciple has been used in the SDGU family (SDG and 
SDGU) and Uniflex (LDG) relays. It can be better 
understood and its characteristics are defined in a mag- 
nitude comparator. 

With the quantities defined in Figure B-15 for a phase- 
A-to-ground fault, the inputs to the magnitude com- 
parator are 


Li = 


Sa = Vao m IioZo. 
Sg = (УА; + VA») = (IA; + I42)Z1¢ 


(B-30) 
(B-31) 


For a magnitude comparator, the characteristics are 
defined by 


Sa = Уло = laoZoc 
Sp (Vai + У^) = (ai * 1422. 
= е” (В-32) 


From Figure В-15, the following relationships are 
true: 


Vai = Vs ~ 1417. 
= 14127,4 + Zis + Zo + Zoi) 
Vaz = 1444; 


(B-33) 
(B-34) 
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Figure 12B-15 Sequence network for а phase-A-to-ground 
fault. 


Therefore, simplifying Equation (B-32), we obtain 


Sa - 1414 72 1Ао ос 


5ь ПА1227 + Zo, + Z9)] — 214144 
= е” (В-35) 





The relay settings are chosen, such that 


Zoe _ Za 


ZR, = ZR, = 
° Zic Zi 


(B-36) 


Therefore, Equation (B-35) can be simplified to 





es oes 274. Еа Zos _ (Zos + 25,7.) 
Шо (2 + ZR) (2 + ZR) 
=e i (B-37) 


which defines the impedance characteristic of the com- 
parator on the Z, plane. Figure B-16 illustrates the 
characteristic. Notice that the reach Z,. is fixed for 
к = 180°. 


Сһаріег 12 


2+72К| 





й к 
Ш 711 plane 


Figure 12В-16 Characteristics of type SDG, SDGU, and 
LDG units. 


Quadrature-Polarized Ground Unit This unit has been 
successfully used in the LDAR (LZM, LDMS, etc.) 
and МРАК (216, Z2G, Z3G, and PLTG) relaying 
systems. The operation of this unit takes advantage of 
the presence of unfaulted voltages as the reference or 
polarizing quantity. The quadrature-polarized unit is 
dependent on system parameters, as will be found next. 
and has proven to be a reliable and sensitive unit 


Z c Z c 
ХАС (1, T: aU ONES m 


1c 


S, (B-38) 


| 


S2 = (Ve. — Vg) (В-39) 


These two expressions need to be modified. For this 
purpose, refer to Figure B-15. Then 


5, = (Vai + Vaz + V ao) 


Lo. — 2 
we 2622 sz. 


lc 
= Vai + CL 1aiZa) + (—1д1@о) 
= 14122. + Zo) + (Vri ~ Уы) 
= (Vai — Ун) 7 laiQZac + Zo 
+ Zis + Zos) + C7 Vrz Мр) 
= (Vai — Vri) – 1,0221. + Zoe + Zis 
+ Za) + Tai(Zis + Zu + Zos + Za)] 
= (Vai - Ун) 
БЕ 151014. + Lo. Ёр Zo) 
= (Vai - Уы) - lai(Z4Q + ZR) 


-?7д- Zo) (В-40) 
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Working on the other input. we get 


$; = (Уа + Vez + Veo 7 (Vii + Vez + Veo) | 
= j[Vaila — а?) — Vala — а?) 

g МЗ(У А; ici Vaz) 

- V3[V4, Ei (=151445) — Vri + Ук] 

—МЗ[(Ул — Уы) + 14124, 

+ Ia(Zis + Zn + Zo + Zol 

—- V3[(V A, =~ Vg) 

-1,107,,57,-7,4--70)| 

—NO[(V A4 - Vg) 

+ La(Zi + Zoa + 21402 + ZR,)] 


Ш 


ll 


Ш 


Ш 


I 


(B-41) 


For the phase comparator to operate, using Equations 
(B-40) and (B-41), we obtain 


(Va 77 Уы) 
5, x Ta 


Vai = Vai 
-уз|Ул Vas + [20 + ZR) + Zu + Zal) 
Al 


z (2,2 + ZR.) - 21 - Zo] 





Zu — [Z.Q + ZR) - Zn - Zal E 
-МУЗ2 + [Z,,(2 + ZR) + Zn + Zał (B 42) 
Therefore, Equation (B-42) can be expressed as 


S, Z,(2 + ZR) - Z,.(2 + ZR.) 
S, -v32 + ZR) \32,(2 + ZR) 





(B-43) 


If we follow the general procedure for a phase com- 
parator, the general constants are 


k, = (2 + ZR), k, = —(2 + ZR,)Z,, 
к, = V3(2 F ZR), k, = ~V3Z,,(2 + ZR,) 


The relay settings are chosen such that 





Therefore, the reference vectors in the R-X diagram 
are 


Zic (B-44) 
(2 + ZR.) 


= -Z = B-45 
5 5 (2 + ZR) ( ) 


ы 
i 


The reference vectors are identified in Figure B-17 and 
the locus of impedance vectors (Z,,) is found using the 
techniques discussed for a phase comparator previously. 
A characteristic angle of +90° is used for the phase 
comparator to obtain the circular characteristic. 
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Figure 128-17 Forward impedance characteristic 22552 
quadrature polarized ground unit on the Z, plane. 


The influence of the source impedance is evident in 
the b vector. The unit can accommodate more fault 
resistance for short lines, in which the source impedance 
is large compared to the impedance of the protected 
line. 


Self-Polarized Mho Ground Unit This unit has been 
implemented in the MSPC (Z2G, Z3G) relay system 
to clearly define forward and reverse reach. This type 
of unit utilizes faulted phase quantities for the operating 
quantity and the restraint quantity for which it is called 
aself-polarized mho unit. This unit is better understood 
using а phase comparator that has the following inputs: 





Ze 
Si= Va (1, += > : t) Zi (B-46) 


ІсЕ 


7. cR —— Z c 
Sym |у. + (1, + ашан | 


IcR 


(B-47) 


These two expressions need to be modified. Referring 
to Figure B-15, we obtain 


5, = (Vai + Vas + Vao) 
- ws punc arm. 
Е 7 
E Vai + (Maz -(-1,14,) 
-Та0 ды + Zar) — Vrn — Уы 
= (Vai Vr) 


= laiQZur + Zoer — Zi - Zor) (В-48) 
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апа 
=S: = (Vai + Vaz + Vao) 

+ IKZ s Zocr) + Уы a Уы 

= (Vai - Ун) %(-1412.) 
+ (-141%-) 25 1112274 + Zoer + 21; 
+ Zaz + Zo, t Zo) 

= (Vai — Уы) 
+ lai(Zui + Za + 2Zin + Zor) (B-49) 


For this phase comparator to produce an output, with 
the use of Equations (B-48) and (B-49), the character- 
istic is defined by 





s, ES Жы) E UE A 
$& (Ум — Ун) =r ay Е АҚ 
(В-50) 
Therefore, Equation (В-50) сап be reduced to 
58 —[Zy(2 + ZR) + Zier(2 + ZRaJ)] 
= Mer" (B-51) 


Equation (B-51) has the general format for a phase 
comparator and to plot its characteristic on the Z} plane. 
For this phase comparator, we get 


k, = (2 + ZR), К = -Ziel + ZR) 
k; = -(2 "E ZR), k, — - аск(2 F ZR.) 


The relay settings are chosen such that 


Z 
ZR, = 2К = ZRa = a 
1 
Lock Zocr 
= >—- = 7 B-52 
Lick Zier ( ) 


Therefore, the reference vectors defining the charac- 
teristic of the unit on the Z, plane are 


a= Lig 


b = -Zir 


(B-53) 
(B-54) 


The a and b vectors are identified in Figure B-18 and 
the locus of impedance vectors, Z, that satisfy Equa- 
tion (B-51) is illustrated using the techniques discussed 
before. 

Notice that the Zier setting defines explicitly the 
characteristics of the unit and the source impedance has 
no influence. In general, any self-polarized unit will not 
be dependent on the source impedance; on the other 
hand, as seen before, any unit that uses a combination 
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711 plane 


Figure 128-18 Forward impedance characteristic of the 
self-polarized Mho ground unit. 


of the unfaulted phases will be dependent on the source 
impedance. 


Reactance Ground Unit This unit has been imple- 
mented in the type KDXG reactance ground relay. It 
is better understood with a phase comparator that has 
the following inputs: 


Хел K _ 
Va – (1, + ee ^» үк; (В-55) 
1с 
S, = (т, + Xo — Xx 


Xy 
X | ы) Xie 


S 


(В-561 
These expressions need (о be simplified. Referring to 


Figure B-15, for a phase-A-to-ground fault, we get 
5, = Vai + Vaz + Vao 


Xoc — Xy. 
- lai (3 + E. 


‚ = Va (-1442,) + — (IaiZo) 
- JIa Xie + Хо) + Vg — Vr 
= (Vai — Ук) - lAiQXic + Хос) 
-2а.- Za] (в-57! 
апа 
5, = jX + Хы (В-55. 


Equations (В-57) and (В-58) determine the impedance 
characteristic of the comparator. It follows from the 
procedure discussed above that 


Si = Zy = (j2X. + jXoc — Zu = Zo) 








5, jQX,. + X) d: 
S, 21(2 + ZR;) — jc + XR) 
Se јХ,с(2 + XR) 

= M,e*i” (B-6. 
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The settings of the relay are made such that 


Zu Ха 





ZR, 


Finding the general constants for a phase comparator 
in Equation (B-60). we obtain 


К, = (2 + ZR), К. = }Х (2 + XR) 
Қ = 0, k4 = JX,(2 ~ XR.) 
It follows that 
а = jX (В-61) 
b = <e” (infinity at 90°) (B-62) 


Equation (B-62) might not be a rigorous mathemat- 
ical expression, but it identifies the location of one of 
our reference vectors. It can be thought, therefore, that 
(Z-b) is always perpendicular to the reactance line and 
the phase comparator characteristic angle requirement 
every time met. Figure B-19 illustrates the construction 
and characteristics of the reactance unit. It should be 
mentioned that this unit was designed to cover more 
ground fault resistance; however, it could not work by 
itself since it is nondirectional and would even operate 
for load. Therefore, it had to be supervised by some 
other unit, as will be illustrated later. 


B.4.5 Blinder Units 


Blinders are impedance elements that are used for out- 
of-step relaying and also supervising impedance units 
on load current encroachment. These elements have 
been employed in MDAR and MSPC systems. Imple- 
mentation is similar to that for the reactance unit, and 
the phase comparator approach makes it easier to 
understand. A typical implementation in a phase com- 


b = (infinity at 90°) 





Тл plane 


Figure 128-19  Reactance unit characteristics. 


parator has inputs 

S, E -Va + I Rze T ANG-90°) : B-73 

S, = + J eÏ PANG-90°) (B-n 
Since blinders are used for out-of-step conditions. it 
monitors three-phase conditions only; the above quan- 
tities are all positive sequence line current and voltage 
inputs. 

Following the procedure yields 


S, Zu - R ei РАҺМО-90%) 
5, гер — ei(PANG-90°) 





= Мезі% (В-65) 


Equation (B-65) appears іп the standard format so far 
used to derive phase comparator characteristics. There- 
fore, 


К, = 1, 
k, = 0, 


a = R,el(PANG-20°) 


k, = — Ryei(PANG-90°) 


(B-66) 
(B-67) 


k, = — е(РАМС-90% 


b = —<ei(PANG-90°) — < gi(PANG +90°) 


Equation (B-67) may not be a rigorous mathematical 
expression, but it provides a reference to infinity for 
our b vector. This way, the magnitude does not matter, 
just the angle to infinity (PANG + 90). If we refer to 
Figure B-20, (Z-b) can be thought of as always per- 
pendicular to the line impedance 7, that the unit is 
being applied to. 


B.5 Reverse Characteristics of an Impedance 
Unit 


In the previous section, the forward-looking character- 
istics of several impedance units were analyzed. It should 


JX 






b = (infinity а РАМС + 90°) 


21у plane 


Figure 12B-20 Typical blinder unit characteristics. 
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be stressed that in the above R-X plots, the fact that 
the impedance locus may go through the third and fourth 
quadrant does not imply that the unit is nondirectional 
or operate for a reverse fault. The previous plots are 
all forward-looking. 

To investigate the directionality of an impedance unit, 
the reverse-looking characteristics need to be found. 
The idea is to find the locus of reverse impedances 
(Zi) for which the unit will operate. For an impedance 
unit to be secure and directional, the reverse-looking 
impedance (Z3) locus should lie on the third quadrant 
(negative R and negative X). 

For the purpose of studying the reverse character- 
istics of the different units derived, the circuit in Figure 
B-21 is assumed. The source impedance, denoted Zí., 
is the composite of the line being protected and the 
source impedance “looking” forward. The reverse- 
looking impedance, Zi, is the impedance in the reverse 
direction and the purpose of this study is to find the 
locus of impedances 2 for which the units will operate. 

This circuit is again a radial circuit so that the influ- 
ence of different distribution factors can be disregarded. 
The directions of the currents are different from before. 
The plots now will be done on the reverse-looking line 
impedance Z1. 


B.5.1 Phase-to-Phase Unit 


Following the same approach used before, for a phase- 
to-phase fault, Figure B-22 describes the connection of 
sequence networks for a phase-to-phase fault. 

The direction of the currents in Figure B-22 indicates 
the proper direction of the sequence components that 
the unit sees. The inputs to the magnitude comparator 
are again 


Sa = Vaz — LoZ. 
Sp = Vai = 


(В-68) 
(В-69) 





Figure 128-21 Radial system for studying the reverse 
characteristic of distance units. 
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Figure 12B-22 Network connection for a phase-to-phase 
fault. The direction of the currents indicate the actual com- 
ponent currents seen by the distance units. 


and the impedance characteristic is defined by 


Sa I. Vaz = 12224. = 
Sg Vai n 12.2, 





e? (B-70) 


and substituting voltages from the figure yields 


Sa = -(1,1274.) — (-141Z) = e? 
Ss -1,1(2271 + 74.) rd 141% 





(B-71) 


or on the positive sequence R-X plane, the character- 
istic is 
" 1 " 1 " -je B геу 
--2(2,%2) + 5( ъ= 2436 ( lg. 
Figure B-23 illustrates the impedance characteristic ої 
the unit on the R-X diagram of 211, the reverse-directior. 
impedance. 


B.5.2 Three-Phase Unit 


Figure B-24 illustrates a three-phase fault in the reverse 
direction. The voltage and current (Уд; and I4) di- 
rections are the references that the distance unit "sees." 


jX Za plane 





Figure 128-23  Phase-to-phase unit characteristic on 75: 
reverse direction. 
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Figure 12B-24 Network for a three-phase fault. 


The inputs to the magnitude comparator are 


Sa = T Tay (B-73) 


Z. 
Sg -7 1а (B-74) 


] 
< 
© 


Therefore, the characteristic of the device is defined by 


Z: I 
775 tA 
8 = o =e (B-75) 
ME E 
Al 2 А1 
Substituting voltages with currents. we get 
Z. I 
$ ШЕЛ А1 ч 
e (B-76) 


n Z. 
(= ula) = 2 ІА; 
Тһе орегайпр characteristic of the unit is defined by 


7. Z. -io 
LS ee қ 


2 b (B-77) 


Figure B-25 illustrates the characteristic of the unit on 
the reverse positive sequence impedance Z} plane. 


B.5.2 Ground Units 


To develop the reverse-looking characteristic of the dif- 
ferent ground units, Figure B-26 will be used. It illus- 
trates the connection of the sequence networks for an 
A-to-ground fault. The directions of the currents are 
those that the relay actually “sees.” 

SDGU Impedance Unit Тһе inputs to the magnitude 
comparator are: 


Sa = Vao — 140ос 
Ss = (Vai + Va) - (141 + I32Z«c 


(B-78) 
(B-79) 
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Zi plane 





Figure 12B-25 Reverse characteristic of the three-phase 
unit. 





Figure 12B-26 Sequence network connection for a re- 
verse A to ground fault. 
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The characteristic is defined by 


Sa 2. Vao = Іло”ос 





= е” (В-80) 
making the appropriate substitutions from Figure В-31 


Sa - (120205) - IioZo. © je 
5в —1л1(22\, + Za + Zo) - (21,027) 





or 


Sa — Zos + Zo. 
5 27-57-57, + 274 





e? (B-81) 


Then, the equation that defines the characteristic on 
the Zi, plane is 


-(22,. + Zos) 
(2 + 7К}) 
ZZR. - Zos p 
(2 + ZR) 


Zi = 
(В-82) 
This characteristic is illustrated in Figure B-27. 


Quadrature-Polarized Ground Unit The inputs to the 
phase comparator are: 


Loe - Zic 
5, Va л (1, + Tao 2 7 - ). 
1с 


(Ус z Vg) 


(B-83) 


5, 


I 


(B-84) 


The directions of the currents and voltages are those 
shown in Figure B-26. The above equations can be mod- 





Figure 12B-27 Reverse characteristic of the SDGU relay. 
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ified to 
5, = (Vai + Vas + Vao) - Lai 
Zoe + Lie 
x (з +“ Z. 1 VA 
= Vai + (1421,) + (140%) 
= 1410241 + Zo) + (Vri Мы) 
= (Vai - Ун) + 1д1(#л„ + Zos – 2Zic 
Le ба o TX Os) 
or 
5, ; ; 
—— = -Zn ~ Zo 227% 


лі 


—Zi(2 + ZR) ~ 7,02 + ZR,) (B-85 
Also, working on 5,, we get 
55 = (Уа Ус + Veo — Vai - Vg; - Veo) 
= j[Vai(a ~ a) – Уа — а?)] 
- —V3(Vai — Va) 
= —V3[VA; — (laiZi) — Ук + Уы! 
= -V3[(V4; — Ун) - 14121, + Уы! 


= = -vV3j-Zi - Zi 
z (71, + Zy + Zo M Z6] 
= —M3[-2Z$ - 227), - Zá - Zoe 
= -V3[Zi(2 + ZR) 5740 + ZR”) (B-86 


The operating characteristic is defined by 


Sı _ = Zn(2 + ZR) - Z.Q + ZR) _ 
S,  —-V3(Zi(2 + ZR!) + 7,2 + ZR] 
= Мезі (B-87 


If we follow the procedure for a phase comparator. 
the general constants are | 


k, = —(2 + ZR)) 
К = —Z,.(2 + ZR.) 
k; = V3(2 + ZR) 
к, = V3(2 + ZR2Z;, (B-& 
The reference vectors are therefore 
_ (+ ZR) 
© (+7) 755 
апа 
2+ 4 : 
b = ER D Zi (B-85 
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Figure B-28 illustrates the reverse characteristics of the 
quadrature-polarized relay. 

Self-Polarized Ground Unit The inputs to the phase 
comparator are 


Zo = ГАУ 


Si = УА- (u + E ao) Zur (B-90) 


ІсЕ 


5. = – |у, + (1, + баба) (В-91) 
Zn 
Modifying the two expressions using Figure B-26 and 
following the same procedure as for the quadrature- 
polarized distance unit. we obtain 
5 
== -Zi + ZR’ - Zier(2 + ZR) (B-92) 


Tay 


and 
— = —Zi(2 + ZR!) + Zicr(2 + ZR) (B-93) 


Figure B-29 illustrates the reverse characteristics of this 
unit. It is assumed that 72КЕ = ZR.p = ZRj. 


B.6 Response of Distance Units to Different 
Types of Faults 


Distance units are designed specifically to operate for 
certain faults; a phase A ground distance unit should 
respond to phase-A-to-ground faults. However. all dis- 
tance units do have a characteristic for other types of 
faults. A phase A ground distance unit will have a re- 
sponse to phase-B-to-ground, phase-C-to-ground, phase- 
to-phase, etc. since the unit will essentially still be re- 
ceiving the input quantities from the power system. It 
needs to be remarked that, in general, distance units 
responding to other faults will have a shorter reach for 
other types of faults. 


ІХ 


Zi plane 





Figure 12B-28 Reverse characteristics of the quadrature 
>elarized relay. 
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Figure 12B-29 Reverse characteristics of the non-direc- 
tional ground unit. 


In the next sections, the text will concentrate on the 
phase-to-phase, quadrature-polarized ground unit and 
self-polarized ground unit only. 


B.6.1 Phase-to-Phase Unit 


Response to Other Phase-to-Phase Faults Іп Section 
1.2. thé response to a BC phase-to-phase fault was in- 
vestigated. If the same approach is used for other phase- 
to-phase faults. the analvsis will vield the same result: 
For all phase-to-phase faults. this unit has the charac- 
teristic shown in Figure B-12 in this appendix. This 
means that we can use onlv one phase-to-phase unit to 
detect all types of phase-to-phase faults. There is no 
need for three units for all phase-to-phase faults. 


Response to a Three-Phase Fault Тһе inputs to the 
magnitude comparator are 


Sa = Vaz — 142% (B-94) 
Sg = Vai — 141% (B-95) 


for a three-phase fault S4 = 0. Therefore, this unit is 
not responsive to three-phase faults and it is not affected 
by normal load flow at all. This is an excellent char- 
acteristic that makes this unit unique. 

Response to Phase-to-Ground Faults The unit shows 
the same response for all forward phase-to-ground faults. 
If a figure similar to B-15 is used and Equations (B-23) 
and (B-24), S4 and 5,, are applied, the locus of imped- 
ances on the Z4; plane is defined by the equation 


РЕВ) 
(2 + ZR) 


(21, F ZjJe 
(2 + ZR) 











Zu (B-96) 
The characteristic for the response of the phase-to-phase 


unit to all phase-to-ground faults is shown in Figure 
B-30. 
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Figure 12B-30 Response of the phase-to-phase unit to all 
phase-to-ground faults. 


B.6.2 Quadrature Polarized Ground-Distance Unit 


In all microprocessor-based relays, there will be three 
ground units to detect all the ground fault types. The 
units are constantly receiving the inputs from the power 
system and they do have a definite response to other 
types of faults. In this sense, the basic approach used 
thus far will still help us in the analysis of the response 
of the phase A ground-distance unit to all other types 
of faults. 

Response to Other Phase-to-Ground Faults If other 
phase-to-ground faults are applied to the phase A unit, 
it will tend to have a response mainly due to the 1,0 
term in S,. For analysis, a connection similar to Figure 
B-15 should be used, but always by considering the 
phase shifts (a or a?) introduced when using other phases 
as a reference. In this sense, the reference a and b 
vectors can be calculated. 

For a phase-B-to-ground fault, we have 


(1 — a) + (1 — a*)ZR, 











dS. (2 + ZR) 
(1 + a) + aZR, 
+ Zi. Q + ZR) (B-97) 
and 
_ (1 + a) + ZR, 
b= -Zis о + ZR) + ZR) (В-98) 
For a phase-C-to-ground fault, we have 
(1- a?) + (1 — a)ZR, 
= 7, З 
Ы is (2 + ZR) 
(1 + a?) + aZR, 
Че Lig -- - 
© QUZR) pom) 
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and 


(1 + a?) + ZR, 
(2 + ZR) 


The above reference vectors for a phase comparator 
define the characteristics of the phase A ground unit 
for phase-B-to-ground and phase-C-to-ground faults. 
Figure B-31 illustrates the characteristics of the phase 
A unit for all phase-to-ground faults. 

Response to a Three-Phase Fault For a three-phase 
fault, the actual inputs to the phase comparator for the 
phase A unit are 


Si = Va - LZ 
S2 = (Ме — Ун) 


If we use Figure B-13 and the general procedure for а 
phase comparator, the reference vectors are 





b= —7, (B-10: 


(B-101) 
(B-102) 


а = Z4. (В-103› 
b-0 (B-104) 


Notice that the above equations imply that the reach 
for a three-phase fault for the phase A unit is the same 
as its setting for phase-to-ground faults. This implies 
that this same unit can be used to detect three-phase 
faults. In general, the operation of all three-phase-to- 
ground units indicates a three-phase fault. It is unfor- 
tunate, however, that the unit itself is not dependent 
on the source impedance, and a fault right at the bus 
will not be detected because there is no reference quan- 
tity, S = 0. To make up for the lack of polarizing 
quantity for a bus fault, MDAR uses the prefault volt- 
age as a reference. This concept is called “memory 
voltage," and it is used to increase the coverage of the 
unit. This concept is used in many other designs to avoid 
the voltage inversion problem in lines with series- 
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Figure 12B-31 Characteristic for all phase-to-ground faults. 








Line and Circuit Protection 


capacitor compensation that was described in the 
transmission-line protection chapter. Hence, memory 
voltage increases the coverage and is used to protect 
series-capacitor lines. 

If memory voltage is employed. then the inputs to 
the phase comparator are 


Sı Va = (1,)7,. (В-105) 
5, = Vem к Vem) (B-106) 


5, needs no simplification. However, S, can be modified 
to 


ЇЇ 


S, = ќа — 87)V am 
= —V3(V,) 
== b. + Zis) 


Therefore, following the general procedure for a phase 
comparator, we get 


5, Va = 1424, 


(В-107) 


S CUN Ж) Z^ M,e*i" (B-108) 
or 
The reference vectors a and b are 

а = Ze (В-109) 
апа 

b= ~Z; (В-110) 


Therefore, if the unit has memory voltage, the forward 
reach will not be modified, but the coverage of the 
phase A ground-distance unit for three-phase faults will 
be dependent on the source impedance. It is evident 
that now bus faults can be detected easily. Figure B-32 
illustrates the response of the quadrature-polarized 


ix 2 


Z1] plane 





No memory 


а= Zic 
b= 0 
With memory 
a 0 ole 
2-21, 


Figure 128-32 Forward characteristic for three-phase 
faults. With and without “memory” action. 
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ground unit to forward three-phase ТЕШ АПК indu ith- 
out “memory” action. 

Response to Phase-to-Phase Fauts 1--:- ^e found 
that by using a figure similar to B-1: i-: : : 
general procedure for a phase comparator t 
S; inputs in this unit, the reference vector : BS Tollows 


For a BC fault 





a= -Zy ‘Beli: 
b=0 (В-222 
For а CA fault 
Z,,(a + 1) (а ан Zi. 4 
= -- ——————— ə----------- - 111 
а | 5 + 5 (B-1 
b= |209] (B-114) 
2 
For a AB fault 
2 2. 
а = — Zı(a + 1) 4 (а 1)Z4. (B-115) 
2 2 
EN 
b |209) (В-116) 


The response of the quadrature-polarized phase A unit 
to all forward phase-to-phase faults is shown in Figure 
B-33. 


B.6.3 Self-Polarized Ground Unit 


Response to Other Phase-to-Ground Ғашів For anal- 
ysis, a connection similar to Figure B-15 should be used, 
but always by considering the phase shifts (a ог а?) 
introduced when using other phases as a reference. 
In this sense, the reference a and b vectors can be 
calculated 


> 72 (Гызш C to A fault 
" 41^ “ 
\ 





Figure 12B-33 Characteristics for forward phase-to-phase 
faults. 
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For а phase-B-to-ground fault 


(1- a) + (1 — a*)ZR, 





a= -Z 











(2 + ZR) 
(1 + a) + @ZRy 
- ST B-117 
Lick (2 E ZR) ( ) 
and 
coge (1-а)+(1-а7К, 
айы. (2+ ZR) 
(1 + a) + а? Баш 
B-118 
Zier (2 ШЕ ZR) ( ) 
For a phase-C-to-ground fault 
2:42 24 
а= =, (1 — а?) + (1 — а)7К, 
(2 + ZR) 
(1 + а) + aZRe 
+ Lick —Q^ZR) + ZR) (B-119) 
and 
A = 
b= iy. a?) + (1 — a)ZR, 
(2 + ZR) 
(1 + a?) + aZR.p 
- ZR OO - B-120 
1сК (2 4 ZR) ( ) 


The above reference vectors for a phase comparator 
define the characteristics of the phase A ground unit 
for phase-B-to-ground and phase-C-to-ground faults. 
Figure B-34 illustrates the characteristics of the phase 
A unit for all phase-to-ground faults. 

Response to a Three-Phase Fault For a three-phase 
fault, the actual inputs to the phase comparator for the 
phase A unit are 


5 = Va = TaiZice 
5; =(Vx + IiZcr) 


(B-121) 
(B-122) 


| 


If we use Figure В-13 апа the general procedure for a 
phase comparator, the reference vectors are 


= Zig (B-123) 
b = Zir (B-124) 


This means that the unit’s characteristic for a three- 
phase fault will be the same as for phase-to-ground 
faults (Figure B-18). In MSPC the operation of all the 
three-phase-to-ground units indicates the occurrence of 
a three-phase fault. 
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1 Zicf 








Phase A to ground 


R 


11 Plane 


Phase B to ground b Phase C to ground 


Figure 12B-34 Characteristics for all phase-to-ground 
faults. 


Response to Phase-to-Phase Faults It can be found 
that by using a figure similar to B-11 and applying the 
general procedure for a phase comparator to the S, and 
S, inputs іп this unit, the reference vector is as follows. 


For a BC fault 











а= -Z,, (B-125) 
b= -Zis (B-126) 
For a CA fault 
Z,,(1 + a) (a = 1)7,сғ 
= -|---------------- В-127 
| BF Зей 
bs 27,117 + a) + (a — 1)Zicr (B-128) 
2 2 
For a AB fault 
2 Fa 
e * a) + (а ч (В-129) 
2 2 
2 2_ 
b= E а?) P (a Das (B-130) 


The response of the self-polarized phase A ground unit 
to all forward phase-to-phase faults is shown in Figure 
B-35. 


B.6.4 Double Phase-to-Ground Faults 


It is noticeable that the double line-to-ground faults 
have been avoided thus far. The reason is that the anal- 
ysis of such faults using the general procedure explained 
above and maybe other procedures becomes too com- 
plicated. However, in general, it is accepted that the 
analysis of the performance of distance units can be 
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Figure 12B-35 Characteristics for all forward phase-to- 
phase faults. 


made only for phase-to-ground, phase-to-phase, and 
three-phase faults. Phase-to-phase-to-ground fault de- 
tection is achieved by the operation of the units de- 
tecting phase-to-phase and three-phase faults. 

Figure B-36 shows the sequence connection for a 
phase-to-phase-to-ground fault. Notice that the zero se- 
quence impedance is present in the sequence connec- 
tion. The detection of a phase-to-phase-to-ground fault 
will be done by the phase-to-phase unit if the zero se- 
quence impedance is large. This means that a phase- 
to-phase-to-ground fault approaches a phase-to-phase 
fault if the zero sequence impedance is large. This fact 






70 large -> Ph-Ph 
Fault 


70 


-> 3 Ph 
Fault 


Z9 small 


Figure 12B-36 Double phase-to-ground sequence net- 
work connection. 
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is evident in Figure B-36, and it should be detected by 
the phase-to-phase unit. 

On the other hand, if the zero sequence impedance 
is small, then the phase-to-phase-to-ground fault ap- 
proaches a three-phase fault and the three-phase fault 
detection units should operate for phase-to-phase faults. 

In many years of operation, considering the phase- 
to-phase-to-ground fault as a variation of the phase-to- 
phase or three-phase fault has never been a problem. 


B.7 The Influence of Current Distribution 
Factors and Load Flow 


In all the above analyses, a radial system was assumed 
for the purpose of simplicity. In real life, systems are 
not necessarily radial and they are carrying load. It is 
the purpose of this section to describe the role that 
distribution factors and load current have in the oper- 
ating characteristics of the impedance units. 

Figure B-37 illustrates the definition of distribution 
factors for all the sequence networks. Distribution fac- 
tors are complex per unit factors of the total sequence 
current at the fault. In the following paragraphs. dis- 
tribution factors will be used to describe the operating 
characteristics of the phase-to-phase unit. quadrature- 
polarized ground unit. and self-polarized ground unit: 
however. a note of caution should be given. The analysis 
is a simple academic curiosity. and although it accu- 
rately describes the general case. the actual impedance 
characteristic of the unit will be difficult to visualize 
since distribution factors (Kg. Ki. К-) will change. de- 
pending on the location of the fault in the line. 


— 
(1-K9)IAQ 





Figure 12B-37 Distribution factors in all the networks. 
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From Figure B-37, we see that the following is true: 


VG + 21) 








K = istin B-131 

TE Zi) + Ze Zu) SEM 
(Zi + Zu) 

K, = B-132 

Е (Zi, + Zi) + (Zis + Zn) ( ) 

Ko (Zos F Zo) (B-133) 


~ (Zis + Zin) + (Zos + Zo) 


Notice that if there is no load flow, V, = V;, then К, = 
K,. It can be also shown that 


а 
К, Тезрь 


B.7.1 Phase-to-Phase Unit 


Refer to Figure B-38 for the analysis of this unit. The 
inputs to the phase comparator are still 


(B-134) 


Sa = Va: — Kil; Z. 


= KilaiZ;, + KilaiZ. (B-135} 
Sp = Vai = KilaiZ 
= (К, + KaZa + К›21А‹ (B-136) 


- K, Zda, 


Using the general procedure for a magnitude compar- 
ator, we can show the locus of impedances Z, that 
defines the impedance characteristics for this unit to be 

gcc 7 = 7,1 СЕ 1, /Тезьһ) 

Huc = 
(2 Ii ЛТезрһ) 

zn (Za + 7да = 1, /Тезьь) e-i 

(2 23 I, /Тезрь) 


Notice that the unit's reach is still fixed at Z, and its 
center will move depending on the load flow. Its char- 
acteristic is not dependent on the distribution factors, 
but the prefault load flow. The characteristic is plotted 
in Figure B-39. 


(B-137) 





Figure 12B-38 General case of a phase-to-phase fault. 
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(2-IL/IF3ph) 
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^ Q-IL/IF3ph) 


Forward Load Reverse Load 


Figure 12B-39 Characteristic for a phase-to-phase fault. 


B.7.2  Quadrature-Polarized Ground Unit 


Reference will be made to Figure B-40 that shows the 
sequence network connection for a phase-to-ground fault. 
Distribution factors for all the networks make the inputs 
to the phase comparator 


1c 


Zo = Zic 
S: = Va- (1, + Kolao 22) 


and reduce to 


S, ( K, I | 
= Z,(2 + —2ZR, - 
" К, i Igspn 








K 
- zl + 289 ZR, – гы) (В-138) 


1 Iro. 





Figure 12B-40 Sequence connection for a general phase- 
to-ground fault. 
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Also, working on 5;, we get 
5 = (Ус- Vs) 


that reduces to 








5; ) I, 
= -vilz (2+ zn - | 
Klas А Тз 
І 
+ 2,2 + Кор. – 2—5 ) (B-139) 
K, TF3ph 


If the settings of the unit are made such that ZR, = 
ZR,, the a and b reference vectors for a phase com- 
parator are 











a = Z (B-140) 
(2+ zn. -2 hi ) 
K, Tespn 
b--Z, (B-141) 
K, I ) 
2+—°ZR, — 
| К, ' IF3ph 


The characteristic is illustrated in Figure B-41 and shows 
that the reach of the unit Z}. remains unchanged. It is 
dependent on the current distribution factors of the 
power system and the prefault load flow. 


B.7.3 Self-Polarized Ground Unit 


Reference will be made to Figure B-41 that shows the 
sequence network connection for a phase-to-ground fault. 
Distribution factors for all the networks make the inputs 
to the phase comparator 


Zor - Z 
Si = Va — (1, + Kolao = ae 
1cF 






Forward Load БҮРІ). 


Reverse Load 


/ 
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І \ 
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| | 
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Figure 12B-41 Characteristic for phase-to-ground faults. 
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and reduce to 


$, ( Ky I, | 
= Z,(2 + = ZR, - 
Kyla; а К, : Теэрһ 








- ial + Ke ZR, - | (B-142) 
К, 


Тъзрь 
Also, 
Z, - 2, 
-5а-ң VA + (1, + Кудо Zon ung, 
1cR 


and it reduces to 











5, ( Ky n ) 
= -Z,|2 + ZR, - 
KIs i акт 
І 
- (2 ees ZR, - — | (В-143) 
К, IF3ph 


If the settings of the unit are made such that ZR, 
= ZR. = ZR, the a and b reference vectors for a 
phase comparator are 


(B-144) 
(B-145) 


The characteristic is the same as that in Figure B-18 
and does not depend on load flow, or distribution fac- 
tors. This is true, in general, for units polarized with 
the same faulted phase; the characteristic in the R-X 
diagram is static and does not depend on any parameter 
but the settings of the unit. 


a= Zir 
b= — Zier 


B.8 Derived Characteristics 


The discussion above showed the different character- 
istics that can be obtained with either a phase or mag- 
nitude comparator. The characteristics of the units de- 
rived are smooth and simple. 

Designs have been made, however, in which differ- 
ent characteristics, many comparators, have been used 
to achieve characteristics that are not necessarily smooth. 
This is done for many purposes, like load restriction for 
heavily loaded long lines, and (о try to accommodate 
more fault resistance, although actual apparent impe- 
dance is not simply a resistance component. 

It is not the scope of this section to discuss the ad- 
vantages and/or disadvantages of impedance character- 
istics. Therefore, a simple description of how these 
characteristics are obtained will be given through 
examples. 

Refer to Figure B-42a. It shows an application with 
mixed reactance and blinder units. To derive this char- 
acteristic, four units are required. The reactance unit 
X determines the X reach, the resistance unit R deter- 
mines the R reach, and blinders A and B provide the 
necessary directionality of the unit. For the relay to 
operate, the four units should pick up. 
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42 а. 42 с. 


42 b. x 42 d. 


Figure 12B-42 Composite impedance characteristics. 


In Figure B-42c, two comparators are used to achieve 
the characteristic. In this case, any of the units, offset 
Mho or lens, will provide the output of the entire dis- 
tance unit. This characteristic has been used in heavily 
loaded lines for the starting impedance unit. 

Figure B-42b illustrates an intentional increase of the 
resistance reach for a Mho unit. In this case, only the 
Mho unit operates for the +90° coincidence require- 
ment, and the output is left to the operation of all three 
blinders for the — 90° coincidence requirement. 

Figure B-42d illustrates the use of a Mho and lens 
unit to increase the resistance coverage of the Mho 
element. The angle of Z, in both units is different апа 
the output taken from the operation of any of the two 
comparators. 


B.9 Apparent Impedance 


The term “apparent impedance" is used very commonly 
to describe the resultant impedance when the voltages 
and currents entering the relay are used to calculate the 
impedance to the fault. This expression is confusing if 
one confuses it with the “impedance characteristics” 
that have been described in the previous paragraphs. 

In this section, we define apparent impedance as the 
loop impedance using the voltages and currents that the 
relay receives. In this sense, the following are the ap- 
parent impedances for different fault loops. 


For a three-phase fault 


у 
Zapp = i (B-146) 
А 
For а phase-to-phase fault 
Vg- V 
2 = 2—8 (B-147) 
Ip RUP Ic 
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Бог a phase-to-ground fault 


Va 
аб Zo. Z 
І, + Ос 1с І 
А Zu АО 





(В-148) 


If the apparent impedance Z,,,, is within the operating 
characteristics, those studied above, then the unit will 
operate. Notice that the operating characteristics of the 
unit only depend on the setting of the unit and, in some 
cases, the source impedance. 

For the phase loops, three-phase and phase-to-phase. 
mutual and fault resistance have little influence, and 
the actual apparent impedance Zapp is the same as the 
impedance to the fault. 

The influence of mutuals and fault resistance is more 
severe in the phase-to-ground loop. Fault resistance and 
zero sequence mutual effects from other lines tend to 
make the apparent impedance Z,,, different from the 
actual impedance to the fault. Taking into consideration 
these factors, we know that the apparent impedance to 
the fault with fault resistance and zero sequence mutual 
effects is 


3IAoR; + Іо 


Й = + = 
Zapp Zu Zoe = Zic (B 149) 
I, + aun lao 
where 
R, — fault resistance 
log = zero sequence current in the parallel line 
Zom = Zero sequence mutual between parallel lines 


and the rest of the symbols are as described before. 

It should be noticed that apparent impedance will 
change with fault resistance and mutual effects, and 
if Zapp enters the operating characteristics of the dif- 
ferent ground units described, the relay may under- or 
overreach. 


B.10 Summary 


The purpose of this appendix was to illustrate the dif- 
ferent properties of distance elements found in ABB 
relays. In microprocessor technology, several of these 
units can be found and the detection of faults in power 
systems is, in general, a combination of the operation 
of all the phase and ground units. In some designs, such 
as MDAR, all the distance units are supervised by a 
phase selector and/or forward directional unit. This lim- 
its the interaction of the several units that MDAR has 
available. In conclusion, although distance elements have 
been designed with a definite type of fault detection. 
they will respond to other types of faults as well. 

It was an objective of this appendix, as well, to clarity 
the meaning of forward and reverse. These concepts 
are totally opposite to each other. It is not proper то 
draw the forward-looking characteristics (71) plane on 
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the reverse-looking characteristics (Z,,-) plane. It is hoped 
that the reader can now make such a distinction. They 
are totally different concepts. 

The influence of current distribution factors and load 
is simply an academic exercise since these factors change 
as the fault moves within the protected line. To find 
rigorously the operating characteristic with distribution 
factors and load flow would be an iterative process. 
However, the development illustrates the dynamic per- 
formance of the different units. 

The term apparent impedance has also been defined. 
It corresponds to the fault-loop evaluation, and if the 
apparent impedance falls inside the operating charac- 
teristics of the unit, the unit will operate. Apparent 
impedance for ground faults is affected by fault resis- 
tance and zero sequence mutual effects. 


APPENDIX C: INFEED EFFECT ON GROUND- 
DISTANCE RELAYS 


Because the current of the reference and/or operating 
quantities for ground-distance relays are different from 
those for phase-distance relays, therefore, the descrip- 
tions and results provided in Section 4.5 for phase- 
distance relays on infeed effect cannot be directly used 
for ground-distance relay application. The general so- 
lution for infeed effect on ground-distance relays will 
be described as follows. 


C.1 Infeed Effect on Type KDXG, LDAR, and 
MDAR Ground-Distance Relays 
Refer to Figure C-1. 
-Va + 21,621. 
T 2(Iais E Ілін)бан 
БЫ Vao + Ідов ог. + (aoc 
+ laon)Zou — Мах = 0 
Vac = Vai + Vaz + Vao 


(C-1) 


(voltage at relay location) (C-2) 


From Equations (C-1) and (C-2), we get 


Z 
Vac = ЖЕН $ tao 5) | 
1L 
ot 220, ед Tain) 
Z 
+ (лов + лон) (2) | 
1. 


+ 2а, + Ty) 


Zo, — 7. 
+ (лов + Laon) (222) | 


Za (C-3) 





—— 
lA1G + lA1H 


| ІАІН 


lA2G +!А2Н 


| lA2H 


laoG + |AOH 


| !A0H 





Figure 12C-1 


Infeed effect on ground distance relays. 


Zac : 
Ip = 16 + (= Jm ups 


Equations (C-3) and (C-4) yield 


Vac Vac 


Zapp = = 
Ip (= = zu) 
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Za - Zi 
Tid ( ) 
н = len Zi 
-?п +  ін|1- 
7, 7 
Ig + Lao OL x) 
1L 
7. 
Ін + Lao a: | 
= (Zi + Za) + Zig] ————— (C-5) 
NENCTEN 
G + laoa Zu 


C.2 Infeed Effect on Type SDG and LDG 
Ground-Distance Relays 


Refer again to Figure C-1. 
—VAi F А1641. + 2015.6 ЕХ Isin) Zin 
E Vo + лов Zo. 
+ (лов + Taon)Zon — 
Vac = Vai + М + Vao 
(voltage at relay location) (C-2) 


Z 
Vac = 24 2a + tno) | 
1L 


+ E + Tain) 
Z, 
+ (Isos + нд 2) | 
и, 


Zor -Z 
24% s ( E „е 
it 


+ 2а + Ty) 
Zor = Z 
+ (laos + Laon 22) | (C-3) 
1L 


LDG balances when 
Уа + Vx; + Ухо = 0 (С-6) 


where Уу, Му, and Vx» are relay-compensated volt- 
ages, and 


Уа = Vai = Іліабас 
Vx; = Vaz - 141621с 
Ухо = Vao — laooZoc = Vao - laogPZac: 
Zoc _ Zo 
Zece Zu 


Ум=0 (C1) 


ог 
Vai = Уа + LaoZac 
Vaz = Vx + LIaigZac 
Уло = Ухо + LaocPZic (С-7) 
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From Equations (C-3), (C-6), and (C-7), we obtain 
2Vxi + 2aicZic + Ухо + LaocPZic 


Zo — Z 
= zilie F i T 3l 
1L 


Za = 2 
* Zin) 06 + In) + (о + төн а-а 3l 
1L 


Z 
рҮ + ТЕЗІ 
1L 


Zo - Z 
= 24% + 1 x x) 
1L 


Za = Z 
+ Zu) ds + Ig) + (ос + Т) 2 гү 
п. 


Zu — 2, 
AR + | 2 x) 
1L 


Zo = Z 
= А + Lao =< 2 
1L 


Zo — Z 
ul [7 + In) + (laog + Lao) = n | 
1L 
(Ig + Iy) + 


Zo — Z 
Плов + t —R ] 
1L 


Zic = Ёп. + Zu 2 z 
ES el = z) 
и. 


Za - 2 
Is B iel E: =) 
1L 
Zo. - Z 
+1 + он 28-2: n) 
1L 


Zo - Z 
Is + ecl = =) 
1L 





Zic = Zu + Lin 


P 
9 
| 


Е (Zi. + 2лн) 


Zo - Z 
Ж Ы n- n) 
1L 
+ 21| ————————— (C-8) 
5 Zo. = Ёп, 
Ig + Iioc 7. 
1L 


It is important to note that Equations (С-5) and (C-8) 
are the same. 


APPENDIX D: COORDINATION IN MULTIPLE- 
LOOP SYSTEMS 


Each relay in a multiple-loop system is coordinated as 
described in Section 2.2.2. Each loop must be coordi- 
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nated within itself and with adjacent relays in other 
loops. This technique is illustrated through the follow- 
ing example. 


D.1 System Information 


A typical 23-kV loop system has three-phase bus fault 
currents as shown in Figure D-1. The fault locations are 
marked with an "X." Each fault is indicated with a 
circled number. followed by the total maximum and 
minimum (with braker) fault current in amperes at 23 
kV. The fault currents that are contributed from each 
circuit are also shown. 

The forward/reverse maximum and minimum cur- 
rents through the breakers and relays са: be calculated 


7.2KV 
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from Figure D-1 and are shown in Figure D-2. 1:22 
currents for the 5- and 10-MVA transformers are 2255 
and 251.0 A, respectively. This means that the max- 
mum load current flow on each line section could ^: 
125.5 A in either the forward or reverse direction 
Therefore, all overcurrent units should be set higher 
than (2 х 125.5) = 250 primary А, or 6.25 secondary 
A for a 200/5 ct application. 


D.2 Relay Type Selection 


D.2.1 Selection of Directional Time-Overcurrent 
Relay 


Refer to step 1 in Section 3.6.2. Table D-1 is prepared 
for determining the need of directional time-overcur- 





n (All current are amperes at 23KV) 


Figure 12D-1 Example of relay application and settings for loop system. 


А (ЗА) end zone faults with А ог D open 
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Figure 12D-2 Maximum and minimum fault currents through each breaker. 


rent units. It shows that either a directional or nondi- 
rectional relay could be applied for D and E. If, how- 
ever, the relay must provide backup protection beyond 
the remote bus, a directional relay should be used. Us- 
ing a directional relay would also mean avoiding future 
problems caused by system changes. 


D.2.2 Application of Instantaneous-Trip Relay 


Follow step 2 in Section 3.6.2. Table D-2 is prepared 
for determining the possibility of instantaneous-trip-unit 
application. It indicates that the instantaneous-trip unit 
can be set to underreach if applied to all these breakers. 


D.2.3 Requires Directional Instantaneous-Trip 
Relay 


Follow step 3 of Section 3.6.2. Table D-3 is prepared 
for determining the need of directionally controlled 
instantaneous-trip overcurrent units. 


D.2.4 Summary of Type of Relay Selection 

Table D-4 is a summary of relay selection for each 
breaker. 

D.3 Relay Setting and Coordination 

D.3.1 Coordination Paths 


As suggested in Section 5.2.1, a good starting point for 
the coordination process is at the largest sources. There- 
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Table 0-1 Selection of Directional Time-Overcurrent 








Relay 
Breaker Directional 
location Ig, м +p orla.) ZIg required 
A 250 125 1000 750 Үе$ 
В 1000 125 4000 210 Үе$ 
С 1100 125 4400 180 Yes 
D 200 125 su 500 Yes/no 
E 200 125 SUO 800 Yes/no 
F 1100 123 4400 180 Yes 
G 1000 125 4000 210 Yes 
H 250 125 1000 750 Yes 


Ім = contributed maximum reverse fault current. 
і = contributed maximum reverse load current. 
Шы = contributed minimum forward bus fault current. 


Table 0-2 Application of Instantaneous-Trip Relay 


Instantaneous- 

Breaker trip-unit 
location Tom 2 2.5 lew Ім applicable 

A 2750 2500 1000 Yes 

B 1100 500 250 Yes 

С 1000 500 200 Yes 

D 3200 2750 1100 Yes 

E 3200 2750 1100 Yes 

F 1000 500 200 Yes 

G 1100 625 250 Yes 

H 2750 2500 1000 Yes 


см = contributed maximum close-in fault current. 
Ipm = contributed maximum forward bus fault current. 


Table D-3 Requiring Directional Instantaneous-Trip 








Relay 
Required 
directionally 

Breaker controlled 
location Iam = [юм IT unit 
A 250 1000 No 

B 1000 250 Yes 

С 1100 200 Yes 
D 200 1100 No 
E 200 1100 No 

F 1100 200 Yes 

G 1000 250 Yes 
H 250 1000 No 


fore, the coordination paths for the system as shown in 
Figure D-1 can be attempted as below: 


1. Coordinate B with H and I; D with B and L; F with 
D and J; and H with K and F. 
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2. Coordinate G with A and I; E with G and K: C 
with E and J; and A with C and L. 


The first step is to define the protections on I and J, 
set relays L and K based on the known data from relays 
M and М, and then make coordinations for loops a and 
b in turn. 


D.3.2 Protections on | and J 


Assume that locations I and J provide transformer (either 
HU or CA-26 relavs) and bus (either KAB or CA-16 
relays) differential protections. Their operations should 
therefore be high-speed. 


D.3.3 Protections on M and N 


Assume that the phase relays M and N are tvpe HiLo 
CO-8 (refer to Figure D-3 for time curves), with 1- to 
12-A taps, and with a 6- to 144-A IIT unit. For pre- 
venting operation on cold-load inrush, tap 10 and a time 
dial of 2 have been predetermined. 

In this case, the equivalent fault current at 23 kV for 
the time-overcurrent unit at a 10-A setting would be 


2 2 
10 x 200, 122 _ 05 А (at 23 kV) 


Then the following data can be obtained from the time 
curve in Figure D-3 for a time dial of 2: 


Multiples of Primary current Time to close contacts 





тар setting at 23 KV (sec) 
1.0) 125 
2:0 250 4.00 
2 312 2.38 
3.0 375 1.65 
4.0 500 1.05 
5.0 625 0.78 
7.0 875 0.58 
10.0 1250 0.46 
16.0 2000 0.36 


Also. assume that the ПТ unit setting of 18 А has been 
selected after analysis of the 7.2-kV circuits. The equiv- 
alent fault current at 23 kV for a nondirectional ПТ 
unit at an 18-A setting would be 
200 7.2 
18 х — х == = 225 А (at 23 kV 
5 7 23 (a ) 
Plot this information in Figure D-4 as curves M and 
IIT. They will be used for coordination with relays L. 


D.3.4 Setting for Relay L (and K) to Coordinate with 
Relays M and N 


Since these relays energize a transformer bank, its min- 
imum pickup setting should be approximately twice the 
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Table D-4 Туре of Relay Selection 











Time- Instantaneous- 
overcurrent Instantaneous- trip unit 
unit needing trip unit can requiring 
Breaker directional- be set to directional- Type of relay 
location control underreach control selected 
A Yes Yes No CR with ПТ 
B Yes Yes Yes IRV 
С Үе$ Yes Yes IRV 
D Yes Yes No CR with ПТ 
E Yes Yes No CR with ПТ 
F Yes Yes Yes IRV 
G Yes Yes Yes IRV 
H Yes Yes No CR with IIT 





full load, and it should be coordinated with relay M 
based on the maximum through fault current. 

The recommended ct ratio for relay L is 200% of 
the transformer self-rating, which is 2 x 125 = 250, 
i.e., select a ct ratio of 250/5. Therefore, the time- 
overcurrent unit should be set above 


5 
2 х 125555 = 5А 


Тар 5 is selected. The maximum through fault current 
is 


5 
1200 | 25 5 24 A 
which is 24/5 — 4.8 times the tap setting. The operating 
time of N at 1200 A, from Figure D-4, is 0.47 sec. Then 
set relay L for 0.47 plus 0.3 (one step of CTI), or 0.77 
sec. Using the curve from Figure D-3 for a 4.8 multiple 
and 0.77 sec, we select time dial 2, which gives a time 
of 0.83 sec. 

Alternatively, the multiple and time requirements 
can be specified and the time dial set by actual current 
in the relay. This latter method would yield a time dial 
of approximately 1.75, instead of 2. Using tap 5 (250 
A primary) and time dial 2, the curve points for the 
time-overcurrent unit are: 


Multiples of Primary current Time to close contacts 





tap setting at 23 kV (sec) 
1.0 250 

2.0 500 4.00 

2.5 625 2.38 

3.0 750 1.65 

4.0 1000 1.05 

5.0 1250 0.78 

7.0 1750 0.58 

10.0 2500 0.46 


Plot these points in Figure D-5 as curve L and copy 
curve M from Figure D-4 to illustrate the setting of 
relay L to coordinate with relays M and N. 

The IIT instantaneous-trip unit for relay L should be 
set at the highest of the following: (1) about four to six 
times the transformer self-rating; (2) higher than the 
in-rush current; or (3) 1.1 to 1.3 times the maximum 
through fault. Condition (3) would be the highest for 
this example. For example, use a factor of 1.3 for the 
setting calculation; then 1.3 x 1200 - 1560 A (at 23 
kV), or 1560/50 — 31.2 A (relay side). Set the IIT unit 
at 32 A (or 32 x 50 — 1600 A at 23 kV). Relay K (on 
the bottom line of Figure D-2) is assumed to have the 
same setting as L. 


D.3.5 Setting for Relay B to Coordinate with Relays 
Н апа! 


Based оп the assumption in Section D.3.2 that location 
I provides transformer and bus differential protection. 
their operation should be high-speed. However, the 
setting for H is unknown and cannot be determined 
until all other relays in the loop are set and coordinated. 

However, since the relay H is at the end of the B. 
D, F, H loop, at least it will have 4 (CTI) = 1.2 sec 
for the setting. Consider the benefit of IIT application: 
at this point, 1 sec for line faults out of H can be tried. 
The critical fault for B is (1) maximum, giving 250 A 
primary. 

The maximum forward-direction load flow current 
will be 125.6 A if breakers I and F are opened. The 
overcurrent unit at B should be set to 251.2 A for this 
load current. However, the maximum end-zone fault 
current is only 250 A. Therefore, from the point of view 
of protection, operating the system with both breakers 
I and F opened at the same time is not allowed. Based 
on this conclusion, it can be assumed that load will net 
flow through B to A, and since the relay is directional. 
then there is no need to set the overcurrent unit at twice 
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Figure 12D-3 Typical time curve of the type CO-8 ог IRV-8 relay. 


the maximum load current. It can be set based on con- responds to 1 x 40, or 40 A primary. The critical fault 
tinuous rating. The maximum continuous load is 125.6/ multiple then is 250/40 — 6.26, at which value the op- 
40 - 3.14 A (relay side). The continuous rating of any erating time (CTI plus 1) should be 0.3 plus 1, or 1.3 
HiLo CO tap is higher than this value. Therefore, sec. From Figure D-3, for a 6.26 multiple and 1.3 sec, 
choosing a 1-A tap should be no problem. Tap 1 cor- the time dial is approximately 4. A time dial of 1 may 
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Figure 12D-4 Relay M settings. 
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Figure 12D-5 Relay L settings. 
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be used, or the value determined by а test. Using tap 
1 (40 A primary) and a time dial of 4, we can arrive at 
the curve points for Figure D-6: 


Multiples of Primary current Time to close contacts 





tap setting at 23 kV (sec) 
1.0 40 

3.0 120 3.40 

4.0 160 2.10 

5.0 200 1.58 

10.0 400 0.95 

14.0 560 0.80 

20.0 800 0.70 


The instantaneous-trip unit of IRV-8 is a cylinder 
element. It can be set for 1.10 x 250, or 275 A primary 
(6.88 A secondary). A setting of 7 or 280 A primary 
will provide high-speed, sequential tripping. After A 
opens, the fault current increases from 420 to 380 A, 
which is above the instantaneous unit pickup of 280 A. 


D.3.6 Setting for Relay D to Coordinate with Relays 
BandL 


Since relay L operates instantaneously for the maximum 
fault (2), the critical fault is (2) minimum. Critical fault 
current is 1550 A for relay L and 800 A for relay D. 
Relay D is set for a minimum pickup of 2 x 125, or 
250 A primary (6.25 A secondary). Tap 7 is selected to 
give a minimum pickup of 7 х 40, or 280 A. The critical 
fault multiple is 800/280, or 2.85 for relay D. The op- 
erating time of relay L for the critical fault value of 
1550 A is 0.65 sec at the 1550/280 — 5.52 multiple. The 
set point is 0.65, plus 0.30, or 0.95 sec at 800 A. From 
Figure D-3, for a 2.85 multiple and 0.95 sec, the time 
dial is approximately 1.10. The 1.25 value may be used, 
or the time dial determined by a test. Using tap 7 (280 
A primary) and a time dial of 1.25, we can find the 
curve points for Figure D-7: 

Time to close contacts 


Multiples of Primary current 


tap setting at 23 kV (sec) 
1.0 280 
2.0 560 2.50 
2.5 700 1.55 
3.0 840 1.00 
4.0 1120 0.600 
5.0 1400 0.45 
7.0 1860 0.35 


Finally, the IIT of CR-8 is set to 1.3 x 1100, or 1430 
A (36 A secondary). 
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D.3.7 Setting for Relay F to Coordinate with Relays 
D and J 


Based on the assumption in Section E.3.2 that location 
J provides transformer and bus differential protection. 
their operations should be high-speed. 

The maximum forward-direction load flow current 
will be 125.6 A if breakers J and B are opened. The 
overcurrent unit at F should be set to 251.2 A for this 
load current. However, the maximum end-zone fault 
current is only 200 A. Therefore, from the point of view 
of protection, operating the system on both breakers J 
and B opened at the same time is not allowed. Based 
on this conclusion, it can be assumed that load will not 
flow through F to E, and since the relay is directional. 
then there is no need to set the overcurrent unit at twice 
the maximum load current. It can be set based on a 
continuous rating. The maximum continuous load is 
125.6/40 — 3.14 A (relay side). The continuous rating 
of any HiLo CO tap is higher than this value. Therefore. 
choosing a 1-A tap should be no problem. Since the 
IIT unit of the D relay will operate for fault (3) max- 
imum, the critical fault for relay F is fault (3) minimum. 
The overcurrent unit of the D relay will operate in 0.55 
sec (1180/280 — 4.22 multiple). 

For relay Е, tap 1 corresponds to 1 x 40, or 40 A 
primary. The critical fault multiple is 180/40 or 4.5, at 
which value the operating time should be 0.55 plus 0.3. 
or 0.85 sec. From Figure D-3, for a 4.5 multiple and 
0.85 sec, the time dial is approximately 2. Using tap 1 
(40 A primary) and a time dial of 2, we can find the 
curve points for Figure D-8: 

Time to close contacts 


Multiples of Primary current 


tap setting at 23 kV (sec) 
1.0 40 

2.5 100 2.38 

3.0 120 1.65 

4.0 160 1.05 

5.0 200 0.78 

7.0 280 0.58 

10.0 400 0.46 

16.0 640 0.36 


The instantaneous-trip unit of the IRV-8 is a cylinde: 
element. It can be set for 1.10 x 200, or 220 A priman 
(5.5 A secondary). A 6-A setting on 240 A primary wil 
provide high-speed, sequential tripping. After E opens. 
the fault current increases from 320 to 300 A, which is 
above the instantaneous unit pickup of 220 A. 


D.3.8 Setting for Relay H to Coordinate with Relays 
K and F 


Since relay К operates instantaneously for the maxi- 
mum fault (2), the critical fault is (2) minimum. Critica: 
fault current is 1550 A for relay K and 750 A for rela: 
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Figure 12D-6 Relay B settings. 














297 



































2000 3000 


298 


Time іп Seconds 





2.8 








2100 / 

















ALIILILITI 
ИШ 
Py Tr TT TY 
ШІ Л,ИІІІШІГІ 
ІНШІ 


NET TAIT trip 
Nit at 14304 +H 











100 200 300 400 1000 2000 
—— MÀ 

Primary Amperes at 23KV 

CT-200/5 NOE 


CR-8 Tap-7, TD=1.25 
Pick up at 7.0(200/5)=280 А 
ІТ Pick up at 36(200/5)=1430 A 
Figure 12D-7 Relay D settings. 


Chapter 12 





3000 





Line and Circuit Protection 


Time in Seconds 


2.8 


2.6 


2.4 


2.2 


2.0 


1.8 


1.6 


1.4 


0.6 


0.4 


0.2 








me) 
mcam 
3200 
(1180) 











+ 













































































pe 


ЕШ 
[| АГИ 
Аз 






































ЕСО 
ОООО 
100 200 300 400 1000 2000 3000 
— 
Pri A 3KV 
CT-200/8 rimary Amperes at 2 


IRV-8 Тар-1.0, TD=2 
Pick ир at 1.0(200/5)=40 A 
IIT Pick up at 6(200/5)=240 A 


Figure 120-8 Relay Е settings. 





299 











8 at F 


ss 
IRV 





spuooeg ul әш 


ВЕ; 
пивна N 
ТЕТЕ ЦО 


Г ҮТ 
E 


| L1 
LI 








t 240A 


rip a 





3000 


2000 


1000 


200 300 400 


100 


Primary Amperes at 23KV 


CT=200/5 


1 


=7.0, TD= 
Pick up at 7.0(200/5) 
IIT Pick up at 28(200/5) 


IRV-8 Tap 


280A 


1120A 


Figure 12D-9 Relay H settings. 
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H. Relay H is set for a minimum pickup of 2 x 125, 
or 250 A primary (6.25 A secondary) load current. Tap 
7 is selected to give a minimum pickup of 7 x 40, or 
280 A. 

The critical fault multiple is 750/280, or 2.68 for relay 
H. The operating time of relay K for the critical fault 
value of 1550 A is 0.70 sec (1550/280, or a 5.52 multi- 
ple). The set point for relay H should be 0.70 plus 0.30, 
or 1 sec at 750 A. From Figure D-3, for a 2.68 multiple 
and 1 sec, the time dial is 1. Using tap 7 (280 A primary) 
and a time dial of 1, we can find the curve points for 
Figure D-9: 


Multiples of Primary current Time to close contacts 








tap setting at 23 kV (sec) 
2.0 560 2.1 
2.5 700 1.2 
3.0 840 0.8 
4.0 1120 0.5 
5.0 1400 0.38 
7.0 1960 0.30 





The instantaneous-trip unit of the IRV-8 is a cylinder 
element. It can be set for 1.10 x 1000, or 1100 A 


primary (27.5 A secondary). Settings are rounded 15 
to 28.0 A (1120 A primary). 


D.3.9 Check Relay Settings on Coordination wit" 
Relay B 


The instantaneous unit setting of relay H is 1120 A 
primary. This means that relay H will operate for line 
faults (2) under both maximum (2750 A) and minimum 
(1410 A) conditions. On tap 7, with a time dial of 1. 
the H relay time unit operates for line faults (2) in 0.25 
sec (maximum fault condition) or 0.38 sec (minimum 
fault condition). Both values are well within the 1-sec 
time used in the coordination of B (Section D.3.5). 

It should be noted that the major factor slowing down 
the H relay setting is the speed of relay K (Figure 
D-9). A better speed may be obtained for the loop if 
the performance of relay K (and L) is improved. 


D.3.10 Settings and Coordinations for Relays G, E, 
C, and A 


For this particular example, from Figure D-1, the sys- 
tem configuration and fault currents are correspond- 
ingly symmetrical between A, B, C, D and H, G. F. 
E. Therefore, the settings for relays G. E. C. A should 
be correspondingly the same as those for relays B. D. 
F. and H. 
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Backup Protection 
H. J. Li 


1. INTRODUCTION 


Backup relaying, which provides necessary redundancy 
in protective systems, is defined in the IEEE Standard 
Dictionary as “protection that operates independently 
of specified components in the primary protective sys- 
tem and that is intended to operate if the primary pro- 
tection fails or is temporarily out of service.” 

Backup protection includes remote backup, local 
backup, and breaker-failure relaying. Breaker failure 
is defined as a failure of the breaker to open or interrupt 
current when a trip signal is received. 

Backup protection for equipment such as generators, 
buses, and transformers usually duplicates primary pro- 
tection and is arranged to trip the same breakers. In 
the event of a breaker failure, some remote line pro- 
tection would isolate the fault. 

In the past, backup protection for lines was provided 
by extending primary protection to line sections beyond 
the remote bus. This remote backup is defined in the 
IEEE Dictionary as “backup protection in which the 
protection is at a station or stations other than that 
which has the primary protection.” 

With the advent of EHV and increased concern about 
both service continuity and possible breaker failures, 
local backup, including breaker-failure protection, has 
become common. 


2. REMOTE VS. LOCAL BACKUP 


2.1 Remote Backup 


Circuit breakers occasionally do fail to interrupt or trip 
for various reasons, and the remote terminal relays and 
breakers may be able to provide backup for a failed 
breaker. A remote backup system is shown in Figure 
13-1. The relays at bus G for breaker 1 for protecting 
line GH must also overreach and protect all other lines 
extending from the remote bus H. That is, the relays 
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at G must operate selectively for faults on lines HR, 
HS, and HT if the relays or breaker 2, 3, or 4, respec- 
tively, fail to clear the associated line fault. Thus, the 
relays on breaker 1 provide primary protection for line 
GH, as well as backup protection for lines HR, HS, 
and HT. Backup systems use time discrimination to 
detect faults in the remote line sections. 

In designing remote backup systems, their selec- 
tivity, sensitivity, speed, and application must be 
considered. 


2.1.4 


Remote backup provides poor selectivity. It interrupts 
all tapped loads on the unfaulted line sections. Opening 
breaker 1 at G for faults on a remote section may in- 
terrupt service to tapped loads on line GH unneces- 
sarily. For a breaker failure at bus H, all lines feeding 
fault power through the defective breaker must be opened 
at their remote ends with remote backup. Such a scheme 
interrupts all loads on the lines, as well as on bus H. 
Thus, if breaker 2 fails to open for a line HR fault, 
breakers at G. S. and T must be opened with remote 
backup. 


Selectivity 


2.1.2 Sensitivity 


Remote backup provides poorer sensitivity. Relavs at 
bus G may not "see" faults near buses К. 5. or T. For 
the scheme shown in Figure 13-1, the fault infeed effect 
at bus H for faults near R, S, or T tends to reduce the 
current magnitude and “reach” of distance relavs at 
breaker 1 at bus G. In these cases. relays at other re- 
mote terminals will have to trip first, redistributing the 
fault currents and increasing the effective reach of the 
relays at bus G. This can result in sequential tripping. 


2.1.3 Speed 


Remote backup must be relatively slow to give the pri- 
mary relays in the remote line time to clear their fault 
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The Infeed Effect at Bus H Reduces The Current Magnitude and 
The Reach of Distance Relays at Breaker 1, Bus G for Faults on 
Lines HR, HS or HT. 


Figure 13-1 Remote back-up at bus С, breaker 1 requires 
these relays to selectively operate for faults on lines HR, HS, 
and HT under all operating conditions. 


(coordinating time interval in Figures 13-2 and 13-3). 
As the coordinating time interval is typically 0.3 sec, 
backup times greater than 20 cycles are common. If 
sequential tripping is necessary, as indicated in the pre- 
ceding paragraph, the fault-clearing time for the breaker 
for a remote backup must be further increased. 


2.1.4 Application 


The application and setting of relays for remote backup 
require an understanding of fault levels under all pos- 
sible operating conditions. 


2.2. Local Backup and Breaker Failure 


There are various reasons for a circuit breaker to fail 
to interrupt or trip. The need for remote backup, local 
backup, or breaker-failure relaying depends on the con- 
sequences of such failure. 


2.2.1 Local Backup 


Unlike remote line protection, local backup is applied 
at the local station. If the primary relays fail, local backup 
relays will trip the local breakers. If the local breaker 


Back-up Time 
Coordinating Time Interval 






Tapped Load 


Figure 13-2 Remote back-up at bus G, breaker 1 for line 
HR with inverse time overcurrent relays. 
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Back-up Time 





Tapped Load 


Figure 13-3 Remote back-up at bus С, breaker 1 for line 
HR with distance relays. 


fails, either the primary or backup relays will initiate 
the breaker-failure protection to trip other breakers 
adjacent to the failed breaker. Although local backup 
protection has many advantages and is widely used, it 
does not automatically eliminate the need for remote 
backup. 

Local backup and breaker-failure protection are 
characterized by fault detection and initiation of trip- 
ping at the local terminal. For example, if a fault on 
line HR (Figure 13-1) is not properly cleared by the 
primary protection system because of a failure in any 
part of the system other than the circuit breaker, the 
local secondary relaying system will detect the fault and 
trip breaker 2. If the fault on line HR is not properly 
cleared because of a failure of breaker 2, then the pri- 
mary and/or secondary protective relays will initiate 
local breaker-failure backup to open breakers 3, 4, and 
5 at bus H. Figure 13-4, a block diagram, illustrates the 
difference between the remote backup, local backup, 
and breaker-failure schemes. Figure 13-5, another block 
diagram, illustrates the difference between the local 
backup and breaker-failure schemes. 

A protection system involves a number of elements, 
including protective relays, ac current transformers and 
wiring, ac voltage transformers, devices and wiring, dc 
supply and wiring, circuit breakers or other disconnec- 
tion means, and a communication channel with pilot 
relaying. Ideally, a backup protection system should 
duplicate all these elements to provide total redun- 
dancy. In practice, all elements except the circuit breaker 
can be and frequently are duplicated in a variety of 
combinations, depending on the degree of protection 
required. The circuit breakers are not and cannot be 
duplicated. Many modern breakers have two inde- 
pendent trip coils, and breaker-failure protection pro- 
vides a duplicate function. 

The maximum practical redundancy is separating two 
protection systems as shown in Figure 13-6. The com- 
mon element is the circuit breaker; even so, separate 
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Figure 13-4 Block diagram illustrating the differences between remote backup, local backup, and breaker failure schemes. 


trip coils are shown. If a common station battery is used, 
separate fused leads from the battery are used for the 
two protection systems. Quite frequently, only one volt- 
age source is used, and separate fuses leads are run 
from the voltage transformer to the relays. 
Instantaneous relays can be considered an inde- 
pendent protective system. Because these relays do not 
fully cover the line section, however, a remote end- 
zone fault would require an additional protection sys- 
tem. Local backup is usually applied only on lines 
equipped with a primary pilot system backed up by a 
second pilot system or nonpilot backup relays, or both. 


2.2.2 Basic Schematic and Operation 


Figures 13-7 and 13-8 illustrate basic local backup and 
breaker-failure schemes for electromechanical and solid- 
state relays, respectively. The operating principle is the 
same for either scheme. In Figure 13-7, operation of 
one of the protective relay systems trips its associated 
breaker and energizes 62X and/or 62Y, which are aux- 
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Figure 13-5 Block diagram illustrating the difference be- 
tween local backup and breaker failure schemes. 






Шагу SG, MG-6, or AR types of relays. Contacts on 
62X and 62Y operate the timer 62BF only if the in- 
stantaneous overcurrent relay 50 indicates that current 
is continuing to flow. This continued current flow, in- 
dicating a failure to clear the fault, causes the timer to 
energize the multicontact 86BF lockout relay, tripping 
all the adjacent breakers. The 86BF lockout relay may 
also be used to block reclosing, to stop the carrier with 
blocking-type pilot relaying so that the remote end can 
trip, if possible, and to initiate transfer-trip. 

Timer BF62 should be energized with device 50 (Fig- 
ure 13-7) rather than through the breaker auxiliary con- 
tacts 52a, since these contacts may be open, while the 
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Figure 13-6 Transmission line protection with maximum 
practical redundancy. 
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Figure 13-7 Simplified dc protection schematic for breaker 
failure and local back-up protection. (Ac circuit per Figure 
13-6, 13-14, or 13-15.) 


contacts in a damaged breaker are closed. Alterna- 
tively, breaker 52a contact can be used together with 
the 50 relay (Figure 13-8). 

Since transformer faults may not provide sufficient 
current to operate device 50, a transformer differential 
relay auxiliary contact 86T can be used instead, super- 
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Figure 13-8 Simplified dc schematic logic diagram for solid 
state breaker failure and local back-up protection. (Ас circuit 
per Figure 13-6, 13-14, or 13-15.) 
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vised by the breaker 52a contact to operate timer 62BF 
(Figure 13-8). 

The three overcurrent units (50) are normally con- 
nected in phases A and C and to ground, but can be 
connected in all three phases if necessary. The phase 
units can be set below minimum fault current for high 
sensitivity to current flow, or above maximum load if 
operation can occur on the minimum fault for which 
protection is required. Setting above maximum load 
helps to prevent undesirable tripping during testing. 


2.3 Applications Requiring Remote Backup with 
Breaker-Failure Protection 


When ring buses or breaker-and-a-half schemes are used. 
breaker-failure protection does not necessarily elimi- 
nate the need for remote backup. As shown in Figure 
13-9, a fault on line HR, for example, requires tripping 
both breakers 2 and 3 at station H. If breaker 2 fails 
to clear the fault, breaker failure would initiate the 
tripping of breaker 5, but would leave line GH still 
connected to the fault. The breaker-failure protection 
for breaker 2 frequently initiates the transfer-tripping 
of breaker 1 at station G. If transfer-trip is not applied 
or is not operative, however, remote backup at breaker 
1 is still required to clear the fault. 

Because of the infeed effect and high apparent _ 
impedances, remote backup from the remote stations 
may be difficult, if not impossible, to achieve when all 
lines are in service. Opening the breakers around the 
failed breaker will, however, remove the infeed effect 
and permit remote backup coverage. If, for example. 
breaker 2 fails for a fault on line HR (Figure 13-9), line 
protection will open breaker 3 and breaker-failure pro- 
tection will open breaker 5 to remove all infeeds around 
station H, except that from line GH. 

Breaker-failure protection would trip both breakers 
5 and 6 upon the failure of breaker 4 for a line HS fault 
(Figure 13-9). Similarly, the failure of breaker 5 in Fig- 
ure 13-9 for a line GH fault would trip both breakers 
4 and 6. All other breaker failure conditions of breakers 
4 or 5 would require remote backup, at S, or R, re- 
spectively, or transfer-trip. 


G Station H 
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Power 
Transformer 


HH 





Ring Bus 


Figure 13-9 Remote back-up required with breaker fail- 
ure at station H where ring bus or breaker and a half schemes 
are used. 


Backup Protection 


3. BREAKER-FAILURE RELAYING 
APPLICATIONS 


Breaker-failure relaying should not be considered a 
substitute for good system design and equipment 
maintenance. 

Breaker-failure protection should be as fast as pos- 
sible without tripping unnecessarily. This criterion is 
particularly important in EHV lines, where stability is 
critical. Here, breaker-failure timer settings of 100 to 
250 ms (6.5 to 15 cycles on a 60-Hz basis) are used. 

These critical operations require dual solid-state pilot 
and solid-state breaker-failure protections. With elec- 
tromechanical-type relays, breaker-failure timer set- 
tings of around 250 ms or more are practical. 

In applying breaker-failure protection, it is recom- 
mended that: 


One breaker-failure circuit per breaker be applied, re- 
gardless of the bus configuration. 

All adjacent breakers should be tripped by breaker- 
failure protection, regardless of fault location. 

In all cases, all breakers tripped by the breaker-failure 
scheme should be locked out. 

A remote breaker must also be tripped by either its 
own relays or transfer-trip initiated by local breaker- 
failure protection. Remote backup clearing of the 
breakers may be preferred over the direct-transfer 
trip. 

One timer per bus or one timer per breaker may be 
used. 


The latter is recommended, since it provides maximum 
isolation and flexibility, even though it does involve 
additional timers. These methods will be illustrated for 
various bus arrangements. 


Circuit-breaker auxiliary switches should not be used 
to indicate whether or not a circuit breaker is carrying 
current unless there is no other way to accomplish 
this. 


Linel 


Line2 


Line 3 





Figure 13-10 А single-line single-breaker bus. (The breaker 
failure local back-up protective scheme is shown in Figure 
13-11.) 
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Legend: 


62X, Y ~ Breaker Failure Intiating Auxiliaries Operated by the Line Relaying. 

50 - Overcurrent Relay Responsive to Current Flowing Through The 
Individual Breaker. 

62ВҒ – Breaker Failure Timer. 

86BF ~ Lock-out Relay. (can be common with 86B) 


Figure 13-11 Typical simplified dc schematic for breaker 
failure local back-up protection using a common timer for a 
single-line single-breaker bus of Figure 13-10. 


Тһе fact that an auxiliary switch has operated is not 
sufficient proof that a circuit breaker has interrupted a 
fault. The auxiliary switch тау be opened because: 


Its operating linkage is broken. 
It is out of adjustment. 

The breaker mechanism has operated but the- 
main breaker contacts have failed to interrupt the 
current. 


ә N e= 


When protective relays are being tested, the breaker- 
failure scheme should be properly blocked or isolated 
to prevent misoperation. 


3.1 Single-Line/Single-Breaker Buses 


A typical single-line/single-breaker bus is shown in Fig- 
ure 13-10. Figures 13-11 and 13-12 illustrate the dc sche- 
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Figure 13-12 Typical simplified dc logic diagram for breaker 
failure local back-up using a common timer for a single-line 
single-breaker bus of Figure 13-10. 
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matics for breaker-failure/local backup protection using 
one timer per bus section. 

Figure 13-13 shows the schematic for one timer per 
breaker. The two methods, one timer per bus (method 
1) and one timer per breaker (method 2), have the 
following differences: 


Method 1 is less costly than method 2, since fewer timers 
are required. 

Transfer-trip of the remote breaker is easier with method 
2. With method 1, the common timer cannot distin- 
guish which breaker has failed. 

An evolving fault may cause incorrect breaker-failure 
operation with method 1. If a line 1 fault evolves to 
line 2, with sequential operation of 62X, 62Y, and 
50 contacts, the common timer circuit may be en- 
ergized long enough to operate and trip all breakers, 
even though both line 1 and 2 breakers trip normally. 
With method 2, each timer is deenergized as soon 
as the associated line fault is cleared. 

The common timer approach of method 1 requires that 
the timer be set for the slowest breaker interrupting 
time. Method 2 permits the separate timers to be set 
for the interrupting times of the individual breakers. 


3.2 Breaker-and-a-Half and Ring Buses 


Typical breaker-and-a-half and ring buses are shown in 
Figures 13-14 and 13-15. These arrangements require 
tripping two breakers and paralleling the current trans- 
formers for each line, as shown. А current detector (50) 
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І 
E учы В 


Similar Circuit Circuit 
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Trip and Lock-Out all Breakers 
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Figure 13-13 Typical simplified dc schematic for breaker 
failure local back-up protection using one timer per breaker 
for the single-line single-breaker bus of Figure 13-10. (The 
solid state logic diagram would be as shown in Figure 13-8 
for each breaker.) 


Chapter 13 


Line} Line 2 


Secondary Relays 
Line! 


Secondory Relays 


Primary Relays 


BusL Bus H 
Differential Differential 
Protection Protection 


Figure 13-14 Single line diagram of a breaker and a half 
bus. 


is provided for each breaker. One timer per breaker is 
recommended for all these bus configurations. Breaker- 
failure protection systems are shown in Figures 13-7 and 
13-8. Another set of 62X, 62Y auxiliaries (shown dot- 
ted) must be added for the second breaker. 

The breaker-failure/local backup circuits are the same 
for each breaker, except for the application of the 86 
relay contacts. The 86BF relay operations are outlined 
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Figure 13-15 Single line diagram of a ring bus. 
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in Table 13-1 for Figure 13-14 and in Table 13-2 for 
Figure 13-15. Neither table includes reclosing lookout. 
which may be desired. 

It will be noted from Tables 13-1 and 13-2 thar all 
adjacent breakers are tripped, regardless of fault lo- 
cation. For simplicity and reliabilitv. breakers that are 
already tripped will be retripped. Assume. tor example. 
that a fault occurs on line 1 of Figure 13-15. The pro- 
tective relays for line 1 will attempt to trip breakers 1 
and 4 and the remote end of line 1. Assume breaker 1 
fails to clear, but breaker 4 and the remote line 1 breaker 
do open. Then breaker failure need not retrip 4 and 
transfer-trip line 1. as shown in Table 13-2. Similarly. 
for a fault on line 2. it may be unnecessary to retrip 
breaker 2 and transfer-trip line 2. 

It is simpler, however, to trip all breakers involved. 
This practice also provides symmetrical protection around 
the bus. 


4. TRADITIONAL BREAKER-FAILURE SCHEME 


4.1 Timing Characteristics of the Traditional 
Breaker-Failure Scheme 


Figures 13-7 and 13-8 show the approach of traditional 
breaker-failure schemes. The operating principle of this 
approach as illustrated in Figure 13-16 is that the breaker- 


Table 13-1  Breaker-Failure Operations for 
Breaker-and-a-Half Bus (Figure 13-14)? 





For local 
backup or 
breaker failure 
no. 86 Relay operations 
1 Trip 2 and all other bus breakers, such as 
4, etc., on bus L. Transfer-trip line 1. 
2 Trip 1 and 3. Transfer-trip lines 1 and 2. 
3 Trip 2 and all other bus breakers, such as 


5, etc., on bus R. Transfer-trip line 2. 


aSee schematics for Figures 13-7 or 13-8. 


Table 13-2  Breaker-Failure Operations for 
Ring Bus (Figure 13-15)? 





For local 
backup or 
breaker failure 
no. 86 Relay operations 

1 Trip 2 and 4. Transfer-trip line 1 and 2. 
2 Trip 1 and 3. Transfer-trip lines 2 and 3. 
3 Trip 2, 4, and 5. Transfer-trip line 3. 
4 Trip 1, 3, and 5. Transfer-trip line 1 


абее schematics for Figures 13-7 ог 13-8. 
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Figure 13-16 Box diagram of the traditional breaker 
failure scheme. 


failure timer 62BF is started by the operations of the 
fault detector 50 and the breaker failure initiates signal 
ВЕІ.. 

А time chart for the traditional breaker-failure scheme 
is given in Figure 13-17. The shaded margin time pro- 
vides security and should accommodate the following 
variables: 


1. Excessive breaker interrupting time. According 
to ANSI Standard C37.04, the circuit-breaker inter- 
rupting time may be one cycle longer for three-cycle 
breakers at currents below 25% of the maximum rating. 
Also, the interrupting time тау be longer on close-open 
duty. 

2. Inconsistency in ВЕІ times. These are minimized 
by static breaker-failure initiation. However. the wide 
time range associated with electromechanical BFI is 
primarily a function of the variation in dc voltage. For 
example, the BFI AR contact output in the SRU relay 
or ARM module (Uniflex) has an operating time of 2 
to 5 ms. The BFI telephone relay in the SRU relay has 
an operating time of 8 to 16 ms. The SG relay 62X/62Y 
in the КС-4/ТО-5 breaker-failure scheme has 
an operating time of 16 to 50 ms. The breaker-failure 
total clearing time. as shown in Figure 13-17, assumes 
that the pickup of device 50 is equal to the protective 
relay plus the BFI time. Either 50 or BFI signal delaying 
will delay starting the 62BF timer (Figure 13-16) and 
the total backup breaker-failure clearing time will be 
longer and the margin increased. 

3. Overtravel of the 62BF timer after the fault detector 
reset. Static timers have less than 1 ms of overtravel. 

4. Inconsistency in 62BF timer. The static timer, as 
contained in the TD-5, TD-50, and SBFU, has a re- 
peatability (including variations of ambient tempera- 
ture and voltage supply) of +5%, which is +5% ms 
for a timer setting of 100 ms (six cycles on a 60-Hz 
base). 


310 


FAULT 
OCCURS 


NORMAL CLEARING TIME 















PROTECTIVE BREAKER 





NORMAL RELAY INTERRUPTING TIME | RESET MARGIN 
CLEARING 2 
т l1 E 

INOPERATIVE 


62 TIMER 
SETTING 


LOCAL BACK-UP BREAKER FAILURE TOTAL CLEARING TIME 


REMOTE BACK-UP BREAKER FAILURE TOTAL CLEARING TIME 


Chapter 13 


== co E 
LOCAL BACK-UP 
ВНЕАКЕН 
CLEARING 








теп | REMOTE BACK-UP 
TRIP | BREAKER CLEARING 





Figure 13-17 Time chart of the traditional breaker failure scheme (time not to scale). 


5. 62BF timer setting error. Includes human error, 
instrumentation error, and potentiometer resolution. 
The static timer may be set within 2 ms. 

6. A safety factor. Because of the widespread 
harmful effects of a false 86BF operation, it is recom- 
mended that a generous safety factor be incorporated 
in the margin time. The degree of safety required is a 
direct function of the confidence level of the total pro- 
tective system. Typical values range from two to six 
cycles (60-Hz base). A two-cycle safety factor appears 
to be adequate, with three cycles being a widely used 
total “margin.” 


4.2 Traditional Breaker-Failure Relay 
Characteristics 


Four types of relays are used in the traditional breaker- 
failure scheme: current-detector relays, timer relays, 
auxiliary relays, and multitrip auxiliary relays. 


4.2.1 Fault-Current Detector (БОВҒ) 


Fault detectors that have high dropout and whose drop- 
out time is minimally affected by ct saturation and ас 
decay in the secondary circuit should be considered. 
Examples of this type are cylinder unit relays and static 
relays with suitable filtering. Hinged armature and 
plunger-type relays that can have a significant dropout 
delay should be considered carefully before use. If such 
devices are used, their dropout time could be ascer- 
tained under the worst conditions and this time should 
be considered when setting the breaker-failure timer. 
Determining the worst condition may be difficult. 

A type KC-4 relay can be used for the fault-current 
detector in an electromechanical breaker-failure scheme. 
It is a high-speed unit with a 98% or greater ratio ої 
dropout to pickup. The KC-4 relay has three-cylinder- 
type overcurrent units in an FT case. It is available in 


ылышы Л 
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0.5- to 2.0-, 1- to 4-, 2- to 8-, 4- to 16-, 10- to 40-, and 
20- to 80-A ranges. The pickup is approximately 19 to 
24 ms at four times pickup current, and 12 to 16 ms at 
eight times pickup. Dropout times are on the order of 
20 ms after the current decreases to 0. Various com- 
binations of ranges for phase and ground applications 
are available. 


4.2.2 Timer (62BF) 


A direct-current static timer, type TD-5, is used in the 
electromechanical scheme with contact input, as shown 
in Figure 13-7. The range for the breaker-failure ap- 
plications is 0.05 to 0.4 s. 


4.2.3 Auxiliary Relay (62Х, 62Y, or ВҒІ) 


Operating times are 16 to 50 ms for the SG and MG 
relays, and 2 to 3 ms for the AR relays. 


4.2.4 Multitrip and Lockout Auxiliary Relay (BGBF) 


Either the Westinghouse type WL relay or electroswitch 
type LOR can be used; their operating times are ap- 
proximately 16 ms. 


5. ANIMPROVED BREAKER-FAILURE SCHEME 


5.1 Problems in the Traditional Breaker-Failure 
Scheme 


5.1.1 Fault-Detector Reset Time Problem 


Referring to Figure 13-16, we see that the reset time of 
device 50 is a critical characteristic in the performance 
of the breaker-failure system. It will affect the margin 
value, as well as the 62BF timer setting. Device 50 
resetting stops the timer; with 62X/62Y seal-in, it is the 
only function that stops the timer. It should be noted 
that the longer the reset time of device 50, the longer 
the 62BF time has to be set. Consequently, it may be 
difficult to set the timer securely and still avoid system 
instability. 

To prevent the device 50 reset time variables from 
affecting the margin, it is recommended that the 62BF 
time delay be determined for maximum device 50 reset 
time. Any faster 50 reset will then merely add to the 
safety margin. 

The reset time of the overcurrent fault detector is 
affected by several factors: 


The reset times are longer when the current after in- 
terruption is nonzero. Certain types of circuit break- 
ers are equipped with arcing contacts and shunting 
resistors. When the breaker main contact interrupts 
fault current, the current does not drop immediately 
to 0, but to a level determined by the shunting re- 
sistor. It falls to 0 when the arcing contacts open. 
The reset time of device 50 on such applications may 
be longer. 
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The fault-current level at which the unit is energized 
prior to interruption. 

The setting of the unit. 

Ct saturation. When a current transformer saturates, 
the secondary current may not have its current at 0 
at the same time as the primary current. Therefore, 
when the primary current is interrupted by a circuit 
breaker at current 0, the magnetizing current may 
be at some positive or negative value. This current 
would then have to decay through the connected 
relays in the secondary circuit, increasing their reset 
time. 


The reset time of a solid-state overcurrent relay is faster 
than an electromechanical one. 


5.1.2 Fault-Detector Setting Problem 


Figure 13-18 illustrates a problem in the traditional 
breaker-failure scheme for breaker A on a ring bus 
application. Because the fault currents are IF1 > IF2, 
the traditional single-fault-detector breaker-failure 
scheme may have difficulty in setting I « (IF2)/2. One 
solution to this problem (Figure 13-18) is to use a special 
two-fault-detector breaker-failure scheme. The low set 
with 86T (from the transformer differential scheme) is 
for a fault at F2. whereas the high set with 62X (from 
the line protection) is for fault F1. 

Figure 13-19 illustrates another problem in the tra- 
ditional breaker-failure scheme for breaker B in а 
breaker-and-a-half svstem application. If breaker B fails 
for a traditional breaker-failure scheme. the 62BF timer 
for breaker В may not start (because initial = 104 may 
be lower than the fault-detector setting) until breaker 
A opens (because sequential = 100%). This condition 
results in unduly long backup clearing time. One so- 
lution to this problem is to use a special breaker-failure 
scheme as shown in Figure 13-19. It includes two timers 
and two overcurrent units. However, the shorter timer 
setting or lower overcurrent unit setting may affect the 
security of the traditional breaker-failure scheme. 

These problems can be solved by applying the type 
SBF-1 breaker-failure relay. It uses an improved con- 
cept as described in the following section. 


5.2 The Improved Breaker-Failure Scheme 


Many approaches have been devised for improving the 
traditional breaker-failure scheme such as using a shorter 
reset time of device 50 (for example, using a static relay), 
or employing separate timers for different levels of fault 
current. These approaches will still be affected by the 
reset time of the device 50 and still present difficulties 
in determining the reset time, especially when infor- 
mation on the shunting resistor current is not available. 

Figure 13-20 shows the basic concept of the improved 
approach. The unique feature of this approach is that 
the fault detector operates only after the 62BF timed 
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Figure 13-18 Traditional BF scheme with 2 timers. 


out. By that time, the breaker-failure condition has 
been confirmed; consequently, the reset time of the 
fault detector will have no effect on the scheme. Figure 
13-21 is the time chart for the improved breaker-failure 
scheme. 

The improved approach has many advantages over 
the traditional ones: 


1. The fault detector 50 will not operate before the 
62BF is timed out; therefore, it will never operate when 
clearing normally and device 50 reset time is not a 
consideration. 

2. It permits shorter margin and shorter overall 
clearing times and will wield a net saving of one to two 
cycles over the traditional approach. This can be illus- 
trated as below (compare Figures 13-17 and 13-21): 


Figure 13-17 Figure 13-21 


Total clearing time = 
Protective relay time 

+ Breaker interrupting time 

+ Maximum 50 reset time 

+ Margin 

+ 86BF time 


Total clearing time = 
Protective relay time 
+ Breaker interrupting time 


+ Margin 
+ 86BF time 


Net saving in clearing time = maximum 50 reset time. 
which represents about one cycle for static units апд 
two cycles for electromechanical units. 

3. The overcurrent-fault-detector unit never oper- 
ates when clearing normally so it can be set lower than 
load current, if necessary (for example, application 
problems as described in Section 5.1.2). 


5.3 Type SBF-1 Relay 


The type SBF-1 breaker-failure relay uses the improved 
concept for breaker-failure detection, as described in 
Section 5.2. The relay, as shown in Figure 13-22, con- 
sists of phase and ground fault detectors, 62BF timer. 
and a “control” timer. The control timer is for resetting 
the SBF-1 relay. In applying the SBF-1 relay: 


The fault detectors can be set below the load current. 

The 62BF timer should be set longer than the breaker 
normal clearing time, with a margin of two to three 
cycles. 

The control timer should be set at least 32 ms longer 
than the 62BF time setting to provide long enough 
time for the SBF-1 relay to trip the breakers. The 
consideration of this 32 ms is (refer to Figure 
13-22) 
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Figure 13-19 Traditional BF with 2 timers and 2 fault detectors. 





RR relay 1 to 3 ms 
Maximum pickup of 50 unit 3 to 8 ms 
AR relay 2 to 5 ms 
Total 16 ms 
86BF relay 16 ms 
Total 32 ms 
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Figure 13-20 Block diagram of the SBF-1 relay. 


6. OPEN CONDUCTOR AND BREAKER POLE 
DISAGREEMENT PROTECTION 


At voltages of 345 kV and above, the physical size of 
the operating components and the phase spacing re- 
quirements of power circuit breakers have led to the 
use of an independent operating mechanism for each. 
Also, with the trend toward larger and larger turbine- 
generator sizes, system stability criteria have often dic- 
tated the use of independent pole-operated breakers at 
voltages below 345 kV to obviate the three-phase fault, 
three-pole “hung” breaker fault condition. Rarely will 
more than one fail to interrupt fault current. Therefore, 
serious faults (those involving two or three phases) will 
always be downgraded if not entirely cleared, reducing 
the danger of system instability. 

Field experiences have shown it necessary to consider 
the consequences of the unsymmetrical operation of 
such a breaker. Electrical or mechanical failures have 
left one phase open when the others are closed, and 
vice versa. Since pole disagreement may occur under a 
no-fault condition, the breaker-failure initiation circuit 
of the conventional breaker-failure scheme may not be 
energized. Therefore, the conventional breaker-failure 
relay scheme will not respond if the failure occurs under 
a nonfault condition. 
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Figure 13-21 Time chart of the improved breaker failure scheme. 
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Figure 13-22 Type SBF-1 relay. 
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Figure 13-23 Block diagram of the type SLB-1 relay. 


A type SLB relay, as shown in Figure 13-23, should 
be used to detect the pole disagreement under a no- 
fault condition. The SLB relay has an output whenever 
one or more phases carries current above the Ij, setting 
(65 mA), while one or more phases carries current be- 
low the I, setting (20 mA). 

For breaker-and-a-half or ring-bus configuration, with 
low-magnitude load current flowing through the bus, 
odd phase current combinations result from unequal 
phase impedances and multiple paths for current flow 
through the bus; unequal phase currents flowing through 
an individual breaker can give the false appearance of 
pole disagreement. The type SLB-1 relay contains a 
zero sequence voltage comparison circuit (Figure 13- 
23) that allows this low-current difference to be ignored, 
while permitting tripping when a hazardous pole dis- 
agreement actually exits. 


7. SPECIAL BREAKER-FAILURE SCHEME FOR 
SINGLE-POLE TRIP-SYSTEM APPLICATION 


Special arrangements should be considered for a breaker- 
failure scheme in a single-pole trip application. The 
problem is that the unequal load current during single 
phasing may pick up the ground overcurrent Io unit 
(the phase overcurrent units may pick up also) in the 
conventional breaker-failure scheme (Figure 13-24) and 
trip the scheme falsely. One special arrangement, as 
shown in Figure 13-24, has been employed successfullv 
in the field for years for solving this problem. In this 
special arrangement, no ground overcurrent is used in 
the scheme. Each phase overcurrent unit is supervised 
by its individual breaker-failure initiate contact 62Z/A. 
B, and C. Blocking diodes TRB are used for blocking 
the sneak path during single phasing. 
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Figure 13-24 Special consideration on breaker failure scheme for single-pole trip application. 
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System Stability and Out-of-Step Relaying 


W. A. ELMORE 


1. INTRODUCTION 


Since relaying systems must function properly during 
system swings, it is necessary to understand the effects 
of these disturbances on relay performance. Swings are 
the oscillations of synchronous machines with respect 
to other synchronous machines. They are caused by 
changes in load, switching, and faults. A swing does 
not necessarily indicate system instability. In some cases, 
however, the swing is severe enough to cause synchro- 
nous machines to go out of step. Before examining the 
influence of system swings on relay performance. three 
factors must be considered: steady-state stability. tran- 
sient stability, and relay quantities encountered during 
swings. 

A system is stable when it is able to develop resto- 
rative forces in excess of the disruptive forces to which 
it is subjected. Disruptive forces are produced by such 
factors as faults, loss of excitation, or switching of lines, 
transformers, or generation. 


2. STEADY-STATE STABILITY 


The fundamentals of power transmission and stability 
are more easily understood if both system resistance, 
excluding the load impedances, and machine saliency 
are neglected. In this case, the power P transmitted 
over circuits connecting two portions of the systems is 
given by the following equation: 


УСУ, 
Р = ЕЕ ѕіп ф (14-1) 
where 
У; and Ук = sending- and receiving-end voltages, 
respectively 
X = reactance between У; and Vp 
ф = angle by which V; leads Ур 


See Figure 14-1. 
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If system resistance is not neglected, different equa- 
tions apply for the sending- and receiving-end power. 
The variables, however, are essentially the same. If 
phase-to-phase voltages are used, Equation (14-1) yields 
three-phase power. For this discussion, У; and Ук are 
taken as per unit quantities, and Equation (14-1) gives 
per unit power. If Vs, Ур, and Х are held constant in 
Equation (14-1), the power flow is changed by varying 
the angle Ф. 

As the load increases at the receiving end. svnchro- 
nous machines are momentarily slowed down. and the 
machine-rotor inertia meets the increased load require- 
ments. That is. an increase in load results in a small 
reduction of system frequency until there is a change 
in mechanical input via the governor or manual action. 
To restore system frequency, the mechanical input to 
the machines must be increased. This input must be 
greater than the steady state load requirements, since 
the machines must be accelerated to a new and larger 
angle. When the new angle ф is reached, the mechanical 
input will exceed the load requirements by the amount 
required to accelerate the machines. The mechanical 
input must then be reduced to maintain frequency and 
required power transfer. Any load change therefore 
results in swings or oscillations as the system adjusts to 
the changes. Steady-state stability is the ability of the 
system to adjust to gradual load changes. 

The extreme unstable condition occurs when Ф is 
equal to 90°. At this point, increased load conditions 
could only be met by increasing Ус or Ур. An increase 
іп ф would cause a reduction, rather than an increase, 
in power transfer. 


3. TRANSIENT STABILITY 


Transient stability is the abilitv of the system to properly 
adjust (remain in synchronism) to sudden large changes. 
Again, if we ignore system resistance and machine sal- 
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Vs' Z$ 
Figure 14-1 


ун 0_ 


Simple equivalent system. 


iency, the power transmitted during the transient in- 
terval P is given by the following equation: 


(14-2) 


In Equation (14-2), P is three-phase MW if Ус and 
Vk are expressed in kV (phase to phase) and X’ in 
ohms per phase where 


У; = voltage behind transient reactance at the send- 
ing end 
Vk = voltage behind transient reactance at the re- 
ceiving end 
Х” = reactance between У; and Vx, including tran- 
sient reactances of the machines 
= angle by which V3 leads Уһ 


Figure 14-2 shows a power-transfer curve. Note that the 
peak value is inversely proportional to the total react- 
ance X. Figure 14-3 describes how X is influenced by 
the presence of a fault, as well as the type of fault. 

It is recognized that the quantity to be inserted as 
Xy in the fault representation is dependent on the type 
of fault, whether 3b, bdG, фф, or bG. For the 36 
fault, Хр is 0. For the $6G fault, Xp is X; and Xj in 
parallel. The positive sequence network is retained in- 
tact without reduction, whereas X, and X, are the thev- 
enin impedances in the negative and zero sequence net- 
works, respectively. Xp for the фф fault is simply Х;. 
For the $G fault, Ху is X; and X, in series. 
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Figure 14-2 Power transfer curve. 
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Figure 14-3 Effect on X^ of fault. 


Based on the normal relationship found between X,. 
Х-, and Xo, the relative order of severity of the various 
types of faults produces the relative power-transfer curves 
shown in Figure 14-4. The reduction of the “Т,” of 
which Xç is one leg, to an equivalent “рі” produces X'. 
which is the transfer impedance that, with the voltages 
Vs and Vg, defines the peak value of the power-transfer 
curve. 

Figure 14-5 describes a representative case of two 
parallel lines with generation at each end. The power- 
transfer curves show that a fault causes an immediate 
drop in transmitted power from bus S to bus R because 
of the fact that the "torque angle," m, cannot change 
instantaneously but X' does. This change in power is 
quantity DE. Power DE is the difference between me- 
chanical input and electrical output that, therefore, pro- 
duces acceleration of the rotating mass. With losses 
ignored in this example, quantity DE is also the dif- 
ference between electrical power input and mechanical 
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Figure 14-4 Relative order of severity of fault types. 
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Figure 14-5 Power transfer curves before, during, and 
after line-to-line fault. 


power output at the receiving end, causing deceleration 
there. Both these effects increase m. 

When the fault occurs (Figure 14-5), the transmitted 
power is reduced to point E because of the increased 
effective X', and the swing begins along Е-Е. At point 
F, breaker A opens, and the transmitted power in- 
creases to G. The swing then continues along G-H. 

When the fault is cleared at H by breaker B opening, 
the sending-end rotor kinetic energy has increased by 
an amount proportional to area I, since the mechanical 
input has exceeded the transmitted electrical power. As 
the fault is cleared, the transmitted power increases to 
J, exceeding the mechanical input and causing the 
sending-end machines to decelerate and the receiving- 
end machines to accelerate. Since the velocity of a ro- 
tating mass cannot be changed instantly, the swing con- 
tinues to K, at which point the additional sending-end 
rotor energy, resulting from the fault, is completely 
absorbed (area II equals area I). 

The velocity of the sending-end mass, with respect 
to the receiving-end mass, is 0 at K. At K, the electrical 
output of the sending end exceeds the mechanical input; 
therefore, the swing reverses, reaching a point N. At 
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N, the swing reverses again. Voltage regulator and gov- 
ernor action, as well as system resistance, will dampen 
the oscillation. until the final operating point is reached. 

If the initial swing went to point L and the sending- 
end generators still had excess rotor energy (area II 
smaller than area I). the swing would continue in the 
sime direction. After 1. was passed, the mechanical 
input of the sending-end generators would again exceed 
the electrical output. and the swing would be acceler- 
ated. resulting in instability with the machines operating 
out of synchronism with each other. After this. only 
system separation and resvnchronizing of the machines 
could restore normal svstem operation. 


4. RELAY QUANTITIES DURING SWINGS 


With the fault cleared and the system operating un- 
notably, extreme variations in voltage and current will 
occur throughout the system. Figure 14-6 provides in- 
sight into this phenomenon. A simple system is rep- 
resented with the relay of interest shown at some in- 
termediate point between the two sources. The relay 
voltage Vg is established by the angle between V, and 
Vy (each assumed here to maintain their predisturbance 
values) and the distribution of impedances (Zs. 21. and 
Zy) between these two sources. Ун will assume some 
position between them. As Ус. the accelerating source, 
moves in phase position with respect to V... the ap- 
parent impedance viewed bv the relay (Vg Ig) will change 
with time, producing a trajectorv on an R-X (resis- 
tance- reactance) diagram such as that of Figure 14-6c. 

With the depressed voltage and large current, this 
swing condition (long after the fault has been success- 
fully cleared) appears to be a three-phase fault. The 
location of this apparent fault is at the electrical center 
of the svstem. If this apparent impedance enters the 
operating area of a distance relay, it will operate. 

If Ук and V; are not supported at full value, their 
ratio is influential in determining the locus on the R-X 
diagram as the swing progresses. Also, if impedances 
are not pure reactance values as is assumed in Figure 
14-6. the effect can be determined using a similar simple 
diagram. 

Interaction between machines in complex networks 
can only be determined by a large-scale digital study. 
For distance relaying evaluation, actual impedance (us- 
ing line current and relay voltage) values must be de- 
termined with respect to time for each pertinent relay 
location, and each chosen switching condition, fault lo- 
cation, and type. 
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Figure 14-6 Relay quantities for OS condition. (Shown for 90° impedance angles.) 


5. EFFECT OF OUT-OF-STEP CONDITIONS 
5.1 Distance Relays 


A distance relay (21) responsive to three-phase faults 
will operate if an out-of-step (OS) condition produces 
a swing locus that falls within its operating area (Figure 
14-7). 

When swing ohms enter the operating area of a zone 
1 relay with a circular characteristic, there is a 90? angle 


between the voltages at the points along the line angle 
identified by the relay reach. In Figure 14-7, for ex- 
ample, there must be a 90? phase displacement between 
the voltage phasors at relay location А and a point at 
90% of the line length, for а 90% reach zone 1 phase 
relay to operate on a swing. The effective generator 
voltages will be displaced substantially more than 90* 
(angle m in Figure 14-7). The likelihood of a system 
attaining a stable operating condition after such a swing 
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Figure 14-7 Source angle relationship for swing trip on 
the system of Figure 14-6. 


is virtually nil. In general, zone 1 swing-trips occur only 
on unrecoverable swings. 

Some form of blinding is required to screen over- 
reaching distance relays against tripping on severe swings 
from which recovery is possible. Operating independ- 
ently, a phase-distance relay (21) will initiate tripping 
when the angle between the two system voltages is verv 
large and increasing (Figure 14-7). 

Figure 14-8a shows that zone 1 tripping is highly 
dependent on the locus of the swing ohms and there- 
fore the distance to the electrical center for the case 
involved. 


5.2 Directional Comparison Systems 


Swing ohms entering a protected line area will produce 
simultaneous high-speed tripping at the two terminals. 
Only swings entering external to the line area will block 
tripping, and then only if local 21S operates and/or the 
remote 21P does not. For the permissive overreaching 
transfer-trip or the unblock system, tripping occurs on 
OS conditions only if the 21P at both terminals operate. 
Jf tripping is to be avoided for cases where operation 
takes place, out-of-step blocking must be used. 


5.3 Phase-Comparison or Pilot-Wire Systems 


Phase-comparison or pilot-wire schemes are solely cur- 
rent-responsive, and since swings produce a through- 
current condition, tripping does not occur. 


5.4 Underreaching Transfer-Trip Schemes 


Out-of-step swings entering the circle of either zone 1 
relay will cause tripping at both terminals when using 
the underreaching transfer-trip (whether direct or per- 
missive) scheme. 
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Figure 14-8 Effect of OS swings on various line relaying 
systems. 


5.5 Circuit Breakers 


With the two system segments 180° apart at the instant 
of interruption, a theoretical undamped recovery volt- 
age of four times normal is possible. Figure 14-9 
describes this phenomenon with the breaker at the elec- 
trical center of the system. At current 0, where inter- 
ruption takes place, the voltage on each side of the 
breaker must settle at a new value. In the process of 
getting there, overshoot takes place as a result of the 
presence of inductance and distributed capacitance in 
the system. Recovery voltage is the voltage across the 
breaker contacts following current interruption. 
Figure 14-10 shows that this identical phenomenon 
occurs even though the breaker is as far away from the 
electrical center as possible. The extremely large tran- 
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Figure 14-9 Maximum recovery voltage on OS trip with 
breaker at electrical center. 


sient recovery voltage still appears. If the circuit breaker 
has insufficient dielectric strength to withstand this volt- 
age, reignitions will continue until a more favorable 
angle is reached. To interrupt at all, a breaker must be 
capable of attempting interruption, possibly for several 
seconds, at each current 0. If the breaker cannot per- 
form such interruptions, tripping must be initiated at a 
favorable angle, preferably just before the two sources 
are in phase. 


5.6 Overcurrent Relays 


Figure 14-6 can be used to illustrate the conditions en- 
countered by phase-overcurrent units during swings. 
Assume, for example, that an instantaneous overcur- 
rent unit set for 2.5 times full load were used in a line 
connecting У; and Vy, and that Zs + 21 + Zy equals 
0.765 per unit on the full-load base. During an OS 
condition, the instantaneous unit would operate be- 
cause the current reaches at least 2.61 (2/0.765) times 
full load when V, lags Бу 180°. Swings during stable 
conditions will also result in higher than normal cur- 
rents, although currents will be considerably less than 
during an OS condition. 


5.7 Reclosing 


When a fault persists after reclosing, the stability of the 
system will probably be jeopardized. On the other hand, 
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Figure 14-10 Maximum recovery voltage on OS trip with 
breaker at source. 


system stability is greatly improved if the fault is tem- 
porary and does not reignite following reclosure. Three- 
phase faults tend to be permanent more often than other 
faults. They also have the most severe effect on stabilitv. 
For this reason, reclosing is often blocked for three- 
phase faults and for OS conditions, but allowed for all 
others. 

There appears to be no advantage to the high-speed 
reclosing of both terminals following an OS trip. Re- 
closing one terminal, or preferably blocking tripping at 
one terminal, will facilitate system restoration. The sec- 
ond terminal can be reclosed under synchronism-check 
relay supervision. 


6. OUT-OF-STEP RELAYING 


Ideally, fault relays should clear faults fast enough to 
maintain stability. Also, they should not operate on 
swings from which the system can recover. If a system 
does go out of step, it should be split by circuit breakers 
opening at a few preselected locations, in such a wav 
that generation and load on each side of the split are 
reasonably balanced. The system should not be split so 
most of the generation is separated from the major 
system load. 

In Figure 14-11, breaker A is in a poor location for 
splitting system (1) from (2), since it would dump one 
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Figure 14-11 Generation and load distribution. 


unit of load on system (2). which only generates 0.4 
unit of power. Splitting the system using breakers D or 
E would offer a more tolerable generation load bal- 
ance. In this scheme, system (1) need onlv increase its 
generation from 0.6 to 0.66 to maintain frequency. 

Figure 14-11 also illustrates that OS tripping is de- 
sirable at some points, but should be blocked at others. 
This selective tripping/blocking philosophy is basic to 
the intelligent application of OS relaving. 


6.1 Generator Out-of-Step Relaying 


Generator per unit reactances have steadily increased 
over the years, and inertia constants have decreased as 
machine ratings have increased. This, in turn, has re- 
duced critical clearing times and increased the need for 
the OS relaying for generators. 

Loss-of-field relays, equipped with directional units 
and undervoltage supervision, may provide a measure 
of OS protection for generators. Viewed from the ter- 
minals of a large modern machine, the ohms will, in 
general, fall within the machine or unit transformer 
when the machine is out of step with the system. If the 
swing ohms fall within the machine for the system shown 
in Figure 14-11, the KLF (or KLF-1) loss-of-field relay 
(40) will operate if swing ohms stay inside the charac- 
teristic circle for 0.25 sec. 

If a loss-of-field relay is used for OS sensing, the 
timer must not time out for stable swings. It must op- 
erate, however, for field failure before damage (or fur- 
ther damage) can occur, and it must recognize the fast- 
est realistic swing rate. Generally, all these time 
constraints can be satisfied. Figure 14-12 shows a typical 
stable swing locus following a severe three-phase fault. 

If swing ohms pass through the unit transformer, OS 
detection may not be possible with either a loss-of-field 
relay or simple distance relay. Moving the directional 
unit characteristic output to point G on Figure 14-12 
would substantially increase the possibility of a false 
trip on a stable swing, such as GCD. Alternatively, the 
time criterion could be increased to the point where the 
stable swing would not trigger relay operation, but then 
the fastest out-of-step swing may not be recognized. 





325 


XS 


System 





Figure 14-12 Stable swing following clearing of nearby 
three-phase fault with the KLF relays (40). 


When the smaller characteristic is used as described 
by the dotted circle of Figure 14-12. a higher degree 
of security is achieved. However. it occurs at the ex- 
pense of making out-of-step recognition impossible. as 
well as losing the ability to match accurately. as de- 
scribed in Chapter 8. the loss-ot-field relay character- 
istic, steady-state stabilitv. and minimum excitation unit 
limits for the machine. 

In general. devices applied for other functions (fault 
detection. loss of field. thermal protection, etc.) are 
unsuitable for detecting OS conditions. The use of re- 
laying. tailored explicitly for OS detection, is the only 
dependable approach, unless extensive studies dem- 
onstrate that other devices will suffice or instability is 
improbable. 

This should not be taken to mean that generator 
tripping is encouraged when OS conditions develop, but 
rather that OS detection may be easiest at the gener- 
ating plant. Out-of-step separation would then be ac- 
complished by transfer-tripping, or other suitable means, 
to maintain a generation/load match, as described above. 


6.2 Transmission-Line Out-of-Step Relaying 


The prime criterion in OS tripping is to maintain a 
generation/load match in the islands created. If such a 
match were perfect, no large load shifts and load drop- 
ping would be required. Also, little or no generation 


326 


would be dropped. To even approximate this ideal would, 
in all probability, require trip-blocking at some loca- 
tions and trip-initiation at others. 

Distance-relay operation on OS conditions tends to 
occur at locations where the relay reach settings are 
longest. There are two reasons for this phenomenon. 
First, the minimum system voltage during an OS con- 
dition tends to occur in the high-impedance segments 
of the system. Second, distance relays with long reach 
settings, such as those on long lines, cover a larger area 
on the R-X diagram and therefore are more likely to 
respond to swing conditions. Out-of-step tripping at 
long-line terminals is not necessarily conducive to ideal 
system splitting. 


7. PHILOSOPHIES OF OUT-OF-STEP RELAYING 


Certain fundamental objectives should influence the de- 
sign of protection systems: 


1. Block tripping at all locations for stable swings. 

2. Ensure separation for every OS condition. 

3. Effect separation at points that will leave a satis- 
factory load/generation balance in each separated 
area. Loads should not be interrupted. 

4. Block tripping or automatically reclose at one end 
of any line that trips because of an OS condition. 

5. Initiate tripping while the systems are less than 120° 
out of phase and the angle is closing, in order to 
minimize breaker stress. 

6. Minimize the possibility of an OS condition occur- 
ring by: 

(a) Using high-speed relaying 

(b) Using a high-speed excitation system 

(с) Employing loss-of-field relays to remove a 
unit that is drawing excessive reactive power 
from the system 

(d) Providing sufficient transmission capacity 

(е) Tripping generators upon the loss of critical 
transmission lines 

(f) Applying generator braking resistors or in- 
serting series capacitors for critical faults 

(g) Applying fast valving techniques 

(h) Using an independent mechanism for each 
breaker pole to downgrade faults from three- 
phase to phase-to-phase 


Although easily stated, these objective are not so read- 
ily achieved, particularly item 3 above. 


7.1 Utility Practice 
Utility practice consists of a combination of: 


(a) Allowing the line-protection relays to initiate OS 
line tripping 
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(b) Allowing the loss-of-field relays to initiate OS gen- 
erator tripping (when the nature of the loss-of- 
field relay allows it) 

(c) Restricting relay-trip sensitivity at the higher power 
factors 

(d) Blocking tripping on OS 

(e) Blocking reclosing on OS 

(f) Initiating tripping using relays designed for OS 
tripping 

There is no industry standard for protection-system de- 

sign; however, once the difficult functional decisions of 

“what” and “where” are made, there is reasonable con- 

sistency in the “how.” 


8. TYPES OF OUT-OF-STEP SCHEMES 


Some typical systems used in OS relaying are described 
here. 


8.1 Concentric Circle Scheme 


A concentric circle scheme for OS detection on terminal 
A is shown in Figure 14-13. Customarily, an OS relay 
with a characteristic as shown for 68 is added to a trans- 
mission-line relaying system and surrounds an over- 
reaching element, such as 21P. Because of rotating ap- 
paratus inertia, significant time is required for the torque 
angle to advance and the swing locus to pass from 68 
to 21Р. For a fault within the 21P reach, however, both 
elements operate essentially simultaneously. The relay- 
ing logic senses the sequence, identifies swing or fault. 
and initiates the appropriate action. 

The dotted arcs of circles described as a “tomato” 
characteristic represent a popular analog implementa- 
tion of the “outer” characteristic. 

This scheme is appropriate for an OS trip-blocking 
function or reclose-blocking. It is not appropriate for 





Figure 14-13 The concentric circle scheme for out-of-stez 
detection. | 
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OS tripping, however, unless additional logic is added. 
If an external phase fault occurs close to the balance 
point of 21P, as at P in Figure 14-13, for example, the 
relay will respond slowly because of its low energy level. 
Device 68, on the other hand, has an appreciably higher 
energy level and operates faster than does 21P. Re- 
moving remote terminal infeed on external fault clear- 
ing following breaker failure can also produce sequen- 
tial operation of 68 and 21P. If the time in the sensing 
logic is shorter than this operating-time difference, a 
fault at P would be incorrectly identified as an OS con- 
dition and would cause a false trip at A. If the time is 
increased to avoid this situation, rapid OS swings would 
not produce OS tripping. Adding a third concentric 
circle would allow better perceptive segregation of swings 
and faults, but could introduce load ohm involvement. 
OS tripping can be achieved with the two-concentric- 
circle scheme if the 68/21P operating sequence is checked 
and the resetting sequence is correct. 

For the three-terminal applications, infeed can ad- 
versely affect OS blocking relays that use the concentric 
circle scheme if the sequential clearing of a three-phase 
fault can occur. The reach-shortening effect of the third 
terminal infeed can cause an internal line-end fault to 
operate 68, but not 21P. Clearing the infeed may then 
allow 21P to operate. This sequence could cause un- 
desirable OS trip-blocking at one terminal. Out-of-step 
blocking then should not be used in a three-terminal 
application unless remote terminal coverage can be ob- 
tained with maximum infeed. 


8.2 Blinder Scheme 


One form of a blinder relay has an operating charac- 
teristic that parallels the transmission-line plot in an 
R-X diagram (Figure 14-14). A single-blinder relay (21B), 
type SDBU-1, gives the two linear characteristics shown. 
An obvious application of this device is for limiting 
the coverage of a distance relay in the load area. This 
is a side benefit of the application of blinder OS relays. 
A single-blinder relay plus auxiliary logic can be used 
for OS tripping. Its use, however, is limited to only 
those applications where OS trip-blocking of phase- 
distance relays is not required, since swings passing 
through the line section (on an R-X plot) will cause 
operation of the line relays. A single blinder cannot 
distinguish between a fault and an OS condition until 
the resetting sequence is confirmed. Such a scheme de- 
lays OS tripping until the swing is well past the 180? 
position and is returning to an in-phase condition. 
The single-blinder OS package is recommended for 
causing a system splitting to occur through the tripping 
of a line that is protected by a phase-comparison relay. 
Another application is OS tripping on swings passing 
beyond the reach of the line relays (on an R-X plot). 
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Figure 14-14 Тһе single blinder scheme for out-of-step 
detection. 


Finally, this relay scheme is particularly well-suited for 
generator OS trip applications. 

The two-blinder scheme (Figure 14-15) senses OS 
conditions by observing the operating sequence of the 
outer and inner blinders. A fault produces essentially 
simultaneous operation; an OS condition causes the 
outer blinder to operate first. followed bv operation of 
the inner blinder. The two-blinder scheme allows the 
trip-area restriction of distance relays. OS trip-blocking. 
OS reclose-blocking, or OS tripping, regardless of nor- 
mal load-flow direction. 








Non 
Operate 


21B-I | SDBU-2 
21B-O | Relay 
R 


Figure 14-15 The two blinder scheme for out-of-step de- 
tection. (I = Inner Blinder, О = Outer Blinder.) 
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9. RELAYS FOR OUT-OF-STEP SYSTEMS 


9.1 Electromechanical Types 


9.1.1 KS-3 (68) OS Blocking Scheme 


Figure 14-16 shows the configuration for the type KS-3 
out-of-step blocking scheme. If Zos operates approxi- 
mately 60 ms or more ahead of 21-2, the OS relay 
operates to block all or selected tripping. The OS relay 
also blocks reclosing when some elements in the system, 
such as zone 1 or time trips, are allowed to operate 
during OS conditions. 

For faults, 21-2 trip contacts or the D, and І, contacts 
of the ground relay close to short out the OS unit coil, 
blocking pickup of the OS unit. This scheme is rec- 
ommended for short- to moderate-length line. It should 
not be used on long lines, where the load might operate 
the Zos unit. 


9.1.2 KST (68) OS Tripping Scheme 


Figure 14-17 illustrates the KST scheme of OS tripping. 
After sensing an OS condition in the same way as the 
KS relay, telephone relays T1 and T2 add two require- 
ments: The 21-2 relay (for example, the KD-10 phase- 
distance relay) must operate for 100 ms, and 21-2 resets 
60 ms or more ahead of Zos. On a swing, Zos operates 
first to energize OS. If 21-2 does not operate before 60 


Positive 






60ms 
Pickup 


To Trip Circuit 





Negotive 





Figure 14-16 The type KS-3 out-of-step blocking scheme. 
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Trip and 
Reclose Block 


Figure 14-17 The KST out-of-step tripping scheme. 


ms, OS operates. Then when 21-2 operates, the AR 
relay, ТІ, is energized. If both Zos and 21-2 remain 
closed for 100 ms, ТІ operates. As the swing moves 
out, 21-2 resets first, deenergizes AR, and permits the 
energization of T2 through AR back contacts if Zos is 
still closed. If Zos does not reset for 60 ms, T2 operates 
to trip and block reclosure as shown. 

A fault that operates Zos and 21-2 together (or within 
approximately 60 ms) will have no effect because the 
short around the OS coil will be maintained. The zone 
2 timer would time out and trip in the scheme shown. 


9.2 Solid-State Types 


9.2.1 SDBU-1 (21В), SI-T (50), ARS (94), OS 
Tripping Scheme 


For the single-blinder OS tripping scheme (Figure 14- 
18), swings from the right to left cause B, to operate, 
B; to operate, В, to reset, and then В, to reset. It is of 
no consequence whether B, is initially operated by load 
and В, does not subsequently reset. 

Device 50 (SI-T relay) is sensitively set and operates 
at a current level above maximum zero power factor 
interchange, line charging,or transformer-magnetizing 
current. The device operates when a swing begins and 
prohibits load pickup trip. 

Thus, AND 2 operates when B, and 50 operate with 
B; reset to identify the swing origin in the positive R 
region. After 4 msec, the feedback circuit holds the 
upper input AND 2. AND 4 has an output when the 
swing moves between B, and B, to operate both blinders. 
If AND 4 output persists for 20 msec and the swing 
moves across B, to reset it, AND 6 has an output. An 
output from AR occurs 20 ms later for tripping and 
reclose block. 

Swings originating to the left of B, traveling left to 
right produce identical action through AND 1, AND 
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Optional Supervision of 
Phase Distance Relay 


Example of Notation: 

В, Denotes B4 (Not Operated) 

B4 Denotes B4 (Operated) 

4/0 4Ms. Operate Time O ms Reset 
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Reciose 
Trip Block 


"ELIT 
TIT 


В, Bo 


Figure 14-18 The SDBU-1 out-of-step tripping scheme. 


3, and AND 5. The restricted trip feature prevents trip- 
ping on recoverable swings. В, and В- may be used to 
supervise the tripping of a phase-distance relay. Out- 
of-step block of reclosing is not available with this com- 
plement, unless OS trip is used. 

The above scheme is recommended for generator OS 
sensing, because its logic requires that swing ohms emerge 
from the side of the relay characteristic opposite to that 
from which it entered. That is, there must be a reversal 
of power flow as viewed from the machine terminals, 
and the reversal must occur during high current. These 
two conditions will not be satisfied unless the machine 
is out of step with the system. A low-current reversal 
can, however, occur during motoring. 

This scheme, or its equivalent, supervised by an over- 
current or distance relay, is the most secure available 
for generator OS tripping. A severe but stable swing, 
such as shown in Figure 14-12, cannot cause misoper- 
ation, regardless of the timing involved in the transient. 


9.2.2 Lens Scheme 


One significant variation of the blinder scheme uses a 
lens and single-blinder line characteristic as described 
in Figure 14-19 for out-of-step tripping. It is also equipped 
with a reactance-type characteristic to restrict the reach 
of the system to the desired extent. Various areas are 
established (inside the lens, right of the blinder, left of 
the blinder, above the reactance line, below the react- 


ance line) and, by the addition of sequence and timing 
logic, can determine the origin and termination of swings 
and the time involved in passage. thus identifying out- 
of-step conditions. 


9.2.3 Double-Blinder OS Tripping and 
Blocking Scheme 


Figure 14-20 contains the logic for out-of-step sensing 
used in МРАК 2.5. 21BO and 21BI are the outer and 
inner blinder units. respectively. ЗФфЕ is an input from 
a phase selector identifving the fact that no unbalanced 
fault exists (not ФО. not Фф. not $6G). IA; signifies 
that current above a preselected level exists. 

The logic differentiates between a swing and fault 
through the sequence of operation of 21BO and 21BI. 
If it is a swing, the optional blocking (shown as switches 
OSB1. OSB2, and OSB3) of each of three distance units 
is obtained. The inner blinder supervises (permits) trip- 
ping of each of the distance units to avoid any possibility 
of load trip not resulting from a swing condition. 

Logic is included to permit delayed OS tripping “оп 
the way out" to minimize the possibility of breaker 
damage during tripping or “оп the way in" to minimize 
the possibility of thermal damage to a transmission line. 
The terms “ау in" and “way out" refer to the trajec- 
tory of the ohmic value seen by the relay and the point 
at which tripping is initiated (on the way into the inner- 
blinder operating region or on the way out of the op- 
erating region of the outer blinder). 
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10. SELECTION ОҒ АМ OUT-OF-STEP 
RELAY SYSTEM 


The key ingredients in out-of-step relaying are identi- 
fication and strategy. Identification is possible using any 
of the schemes described, though a higher order of 
security is mandatory for those schemes to be used for 
OS tripping. Also, OS identification is dependent on 
suitable voltage and current relationships being present 
at the point of application of the relaying system, to 
clearly recognize an OS condition when it occurs. Strat- 
egy relates to action required once an OS condition has 
been identified. The choices are OSB (out-of-step block 
of tripping), OST (out-of-step trip), and OSBR (out- 
of-step block of reclosing). 

The electrical center is not a fixed point in a system. 
Indeed, several electrical centers may be present for a 
given swing condition. Further, the electrical center 
moves as the number of generators and switching con- 
ditions vary. For the particular unstable case under con- 
sideration, the ohmic value (and angle) manifested at 
the relay location must be known with respect to time 
to assure that proper recognition is possibie. In general, 
a system study is required for this. 

OS blocking is less critical than OS tripping in terms 
Figure 14-19 Lens scheme for out-of-step tripping GZX- of identification of the swing and security. OS blocking 
104. must respond only when the blocked device responds. 
Swings producing ohmic values beyond the reach of, 


BLINDER 


UNSTABLE 


OSOT - 0.4 to 4.0 Seconds 
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Figure 14-20 Out-of-step trip logic used in MDAR 2.5. 
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say, a supervised zone 2 phase-distance relay need not 
be recognized by the OS detection scheme. Also, a fault 
appearing on the R-X diagram between the character- 
istics of an OS relay and a phase-distance relay that is 
used with it can falsely identify an OS condition with 
impunity, whereas OS tripping under the same circum- 
stances could not be tolerated. 

Stated simply, (1) OS blocking should be applied 
when swing-produced trips are possible but are intol- 
erable and (2) OS tripping should be applied when trip- 
ping will not naturally occur and tripping must take 
place for an optimum generation-load match following 
separation of the two system segments that were out of 
synchronism. Even when “‘natural tripping” occurs (the 
distance relays applied for other functions operate for 
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the OS condition), OS sensing is required to block re- 
closing. Reclosing following a legitimate OS trip is futile 
and should not be attempted. 

Blinders aid natural tripping by providing a screening 
effect against undesired tripping in response to large 
power swings that are stable. This is particularly useful 
in long-line applications that require large impedance 
settings on distance relays. making them more suscep- 
tible to tripping on load. 

Out-of-step relaying is as much art as science, re- 
quiring a realistic appraisal of what is possible, what is 
probable, and what is certain. It may in particular areas 
of a complex system be less expensive to universally 
apply out-of-step blocking rather than to deduce where 
it is needed. 
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Reclosing and Synchronizing 
W. A. ELMORE 


1. INTRODUCTION 


The large majority of overhead line faults are transient 
and can be cleared by momentarily deenergizing the 
line. In fact, utility reports show that less than 10% of 
all faults are permanent. It is, therefore, feasible to 
improve service continuity by automatically reclosing 
the breaker after fault relay operation. For example, 
automatic reclosing greatly improves service in radial 
distribution circuits, where service continuity is directly 
affected by circuit interruption. High-speed reclosing 
on tie lines, if successful, also assists in maintaining 
stability. 

This chapter will describe the application and op- 
eration of reclosing and synchronizing relays. 


2. RECLOSING PRECAUTIONS 


Automatic reclosing can improve continuity of service 
and increase the availability of transmission lines, but 
certain precautions must be followed: 


1. A generator must never be connected to a system 
under conditions that will produce a thermal or me- 
chanical impact that will deprive it of life. The angle of 
voltages across a breaker in the vicinity of a generator 
is an inadequate measure of the possible hazard asso- 
ciated with closing that breaker. The sudden change in 
power in the generator following closure is, however, 
a key indicator. Steady-state switching may be appre- 
ciably less severe than reclosing following a fault be- 
cause of the transient forces that are established by the 
original fault condition. A change in power, following 
steady-state switching, of 0.5 per unit will produce neg- 
ligible loss of life. 

The change in power following reclosure may sub- 
stantially exceed this level. For this reason, reclosing 
breakers near a generating plant should be eliminated, 
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restricted in number, be time-delayed beyond roughly 
10 sec, or be carefully controlled. 

2. When a transformer is subjected to a substantial 
“through-fault,’’ severe forces are developed within and 
between windings, which produce motion. Repetitive 
motion can produce failure of the winding. Cases have 
been reported of prolonged life of transformers that are 
subjected to shorter and/or fewer severe faults. Mini- 
mizing the number of reclosures can provide benefit in 
this regard. 


3. RECLOSING SYSTEM CONSIDERATIONS 
3.1 


The desired attributes of a reclosing system vary widely 
with user requirements. In an area with a high level of 
lightning incidence, most transmission line breakers will 
be successfully reclosed on the first try. Here, the small 
additional percentage of successful reclosures afforded 
by multiple operations does not warrant the additional 
breaker operations. Single-shot reclosing relays (those 
which produce only one reclosure until reset) are en- 
tirely justified. 

Subtransmission circuit-reclosing practices also vary 
widely, depending on the requirements of the loads 
supplied. If there are motors or generators in the sys- 
tem, the first reclosure may be time-delayed. Most often, 
two or three reclosures are used for subtransmission 
circuits operating radically, and only one or two reclo- 
sures for tie circuits. Approximately half the utilities 
use some form of circuit checking before time-delayed 
reclosure to assure that either synchronism exists or one 
circuit is dead. 

Multiple-shot reclosing relays are warranted on dis- 
tribution circuits with significant tree exposure, where 
an unsuccessful reclosure would generally mean a cus- 
tomer outage. A typical utility experience on distri- 
bution feeders in an area with a large number of annual 
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thunderstorm days is as follows: 





Number of successful reclosures % 

Immediate 83.25 
Second (15 to 45 sec) 10.05 
Third (120 sec) 1.42 
Total successful 94.72 
Lockouts 5.28 


The data show that increasing the number of reclosures 
does improve service continuity, but the incremental 
benefit of each additional reclosure is less than for the 
preceding one. 


3.2 Selective Reclosing 


The speed of tripping is a significant factor in the success 
of a reclosure on a transmission circuit. The faster the 
clearing, the less fault damage and/or degree of arc 
ionization, the less the shock to the system on reclosure, 
and the greater the likelihood of reenergization without 
subsequent tripping. The probability of successful re- 
closing then is improved if reclosing occurs only after 
a high-speed pilot trip. By allowing only pilot tripping 
to initiate high-speed reclosing, maximum success can 
be assured for single-shot reclosing, and many unsuc- 
cessful reclosures can be avoided. Such a system elim- 
inates the high probability of unsuccessful reclosure on 
nonpilot trips, particularly for end-zone faults in which 
clearing occurs sequentially and the deenergized time 
is short. 


3.3 Deionizing Times for Three-Pole Reclosing 


When reclosing at high speed, the dead time required 
to deionize the fault arc must be considered. Based on 
a study of 40 years of operating experience, minimum 
dead times can reasonably be represented by a straight 
line, using the following equation: 


kV 

t= 10.5 + 345 cycles 
where kV is rated line-to-line voltage. On a 345-kV 
system, for example, this formula would give an ap- 
proximate required dead time of 20.5 cycles. 

If the inherent minimum reclosing time of the breaker 
involved can produce a shorter dead time than indi- 
cated, a reclosing delay must be incorporated. In the 
interests of placing the device in the protected envi- 
ronment of the contro] house and having a more ac- 
curate timing device, the time delay should be in the 
reclosing relay rather than the breaker. 

Single-pole reclosing requires longer dead time be- 
cause of the fact that the two phases that remain en- 
ergized tend to keep the arc conducting longer. 


(15-1) 
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3.4 Synchronism Check 


A synchronism-check relay is an element in the reclos- 
ing system that senses that the voltages on the two sides 
of a breaker are in exact synchronism. (An automatic 
synchronizer, on the other hand, initiates closure at an 
optimum point when the two system segments are not 
in precise synchronism, but have a small beat frequency 
across the breaker contacts.) The setting for most syn- 
chronism-check relays is based on the angular differ- 
ence between the two voltages and designed to mini- 
mize the shock to the system when the breaker closes. 
The angular difference between the voltages does not, 
however, determine the transient to which the system 
will be subjected upon closure. Rather, the shock to 
the system is related tothe voltage across the breaker 
contacts (the “phasing voltage"). The phasing voltage 
is the critical quantity in determining whether or not a 
breaker is allowed to close. 


3.5 Live-Line/Dead-Bus, Live-Bus/Dead-Line 
Control 


Live-line/dead-bus, live-bus/dead-line (LLDB/LBDL) 
control is frequently introduced in a reclosing system 
for a transmission or subtransmission circuit. This scheme 
allows the breaker to be closed when the circuit on one 
side is energized at full voltage and the circuit on the 
other side is dead. The synchronism-check and LLDB, 
LBDL controls are complementary. The synchronism- 
check unit allows closure when the two voltages are 
high but in synchronism; the voltage control allows clo- 
sure when one voltage is normal and the other is verv 
low, preferably 0. 


3.6 Instantaneous-Trip Lockout 


On distribution systems, where coordination with fuses 
is necessary, the fuse is often protected on the first trip 
with an instantaneous tripping element on the substa- 
tion breaker relay. This control is removed after the 
first trip, allowing the fuse to blow and preventing a 
second breaker trip if the fault occurs beyond the fuse. 
The result is a combination of minimum outage area 
for permanent lateral faults and reclosing for temporary 
faults. 

It should be recognized that voltage-sensitive loads 
on unfaulted lateral circuits may be more seriously af- 
fected by а fault when this *fuse-saving" strategy is 
used. A fault on a fused lateral produces a voltage dip 
throughout the circuit, and the severity of the dip is 
dependent on the proximity to, and nature of, the fault. 
Since complete loss of voltage to the load on the un- 
faulted laterals occurs when the substation breaker is 
opened, some deterioration in service occurs using this 
principle, in exchange for the benefit of not having to 
replace a fuse for a temporary fault. 
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3.7 Intermediate Lockout 


Unattended substations that are not equipped with su- 
pervisory control can be controlled more effectively by 
a reclosing scheme that locks out on a permanent fault 
before exhausting all its reclosing shots. With an at- 
tended (or supervisory controlled) substation at the other 
terminal of the line, a manual reclosure can be at- 
tempted after lockout, whenever the operator judges 
that the fault no longer exists. If manual closure is suc- 
cessful, a synchronism-check relay will operate—in 
conjunction with the reclosing relay in the intermediate 
lockout condition at the unattended station—to restore 
the second-line terminal to service. This reclosing scheme 
is very effective for multiterminal lines in which several 
unattended stations without supervisory control are dis- 
connected for line faults. 


3.8 Compatibility with Supervisory Control 


All reclosing systems should incorporate some provision 
allowing circuit breakers to be tripped manually or by 
supervisory control without inadvertent reclosing ac- 
tion. Such a provision is inherent in any reclosing system 
that has an “initiate” function. In other reclosing sys- 
tems, lockout must be accomplished by other means. 
such as a breaker control-switch slip-contact or the tem- 
porary removal of control voltage to the reclosing relav. 


3.9 Inhibit Control 


In some applications, reclosing should be inhibited until 
further action takes place in other devices. For example, 
if a dual-breaker scheme is used, and one of the break- 
ers fails while clearing a fault, a transfer-trip signal would 
be sent to the remote terminal to clear the fault con- 
tribution from that source. Reclosing of the remote 
breaker would be prevented until the transfer-trip signal 
was removed. (There must also be assurance that re- 
moval of the transfer-trip signal is not a result of channel 
failure.) With this additional logic in the reclosing relay, 
the remote breaker can be reclosed reliably, simply by 
resetting the local breaker-failure lockout relay after 
the faulty breaker has been properly isolated. 


3.10 Trip Control 


Subtransmission applications require a combination of 
simple protective relaying and discriminating fault iso- 
lation. One optional reclosing relay offers this combi- 
nation by initiating a trip on the basis of dead bus/dead 
line (DBDL) after 5 sec. Under control of LLDB, LBDL, 
or a synchronism check, as much as possible of the 
system is then put back together automatically. If a 
permanent fault exists, only the faulty section is iso- 
lated. This will be described later in Section 5.3.3. 
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3.11 Factors Governing Application of 
Reclosing 


The factors governing the application of reclosing are 
summarized below: 


1. For instantaneous reclosing, the protective relay 
contacts must open in less than the breaker reclose 
time. This presents no problem with high-speed 
relays but on some slow-speed relays, it may be 
necessary to reduce the contact follow, or “wipe.” 

2. Тһе breaker latch check (LC) and, when applic- 
able, the low-pressure switch (LPC) should be used 
to avoid operating the breaker if the mechanism is 
not prepared to accept closing energy or gas pres- 
sure is inadequate. 

3. The breaker should be derated according to the 
breaker standards. 

4. Forinstantaneous reclosing, arc deionizing time must 
be considered (see Section 2.3). 


4. CONSIDERATIONS FOR APPLICATIONS OF 
INSTANTANEOUS RECLOSING 


The applications of instantaneous reclosing fall into three 
categories: 


1. Feeders with no fault power back-feed and mini- 
mum motor load 

2. Single ties to industrial plants equipped with local 
generation 

3. Lines with sources at both ends 


4.1 Feeders with No-Fault-Power Back-Feed and 
Minimum Motor Load 


Instantaneous reclosing can be applied to these feeders, 
but care must be taken to avoid reclosing into motors 
that are still rotating, since their internal voltage may 
be out of phase with the system voltage. 


4.2 Single Ties to Industrial Plants with 
Local Generation 


Since these circuits must be opened at the plant before 
reclosing, instantaneous reclosing at the utility end is 
not practicable unless instantaneous tripping of the plant 
tie or local generator is assured. Without this instan- 
taneous tripping, the local generation, even when quite 
small, can maintain the arc for line faults and negate 
successful reclosure. Reclosing may also occur out of 
synchronism. 


4.3 Lines with Sources at Both Ends 


Simultaneous tripping of the line is necessary in instan- 
taneous reclosing that invariably requires some form of 
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pilot relaying. Both ends of the line can be instanta- 
neously reclosed only if there are sufficient ties between 
the terminals or sufficient inertia in both systems to 
ensure that the two ends will not go out of synchronism 
during the dead time. In the absence of sufficient ties 
(or inertia), one end can be reclosed instantaneously 
by LBDL reclosing, with the other then closed manually 
от by a synchronism check. 

Instantaneous reclosing of both ends of a line without 
any checking is widely practiced for high-voltage trans- 
mission lines in the United States. These lines have 
multiple parallel circuits and are protected with pilot 
relaying. This reclosing practice is usually suspended 
when the pilot relaying is out of service, since zone 1 
phase and ground or ground instantaneous relaying do 
not provide 100% instantaneous line protection. Se- 
quential tripping and instantaneous unsupervised re- 
closing will produce unsuccessful reclosing. 


5. RECLOSING RELAYS AND 
THEIR OPERATION 


5.1 Review of Breaker Operation 


Knowledge of the operation of the breaker and its aux- 
iliary contacts is essential to understanding how reclos- 
ing relays function. The time sequence of events oc- 
curring within the breaker and its auxiliary contacts 
during a typical instantaneous reclosing cycle is shown 
in Figure 15-1. The auxiliary contacts are actuated di- 
rectly by breaker main contact travel (a and b) or by 
the operating mechanism travel (aa and bb). 


5.2 Single-Shot Reclosing Relays 


A typical breaker-control scheme is shown in Figure 
15-2. Contact 79 provides the reclosing intelligence. In 
some varieties of reclosing relays, this contact is pre- 
closed, waiting only for the 52bb contact to close to 
initiate “closing.” This 52bb contact closes as the breaker 
moves to the open position in response to protective 
relay action (or for a “manual” trip). The closing of 
the breaker is indicated to the reclosing relay by the 
opening of the 52b switch. When it opens, the reclosing 
relay becomes locked out. If reclosing is successful, the 
52b stays open, causing an internal timer to reset the 
reclosing relay, allowing the sequence to be repeated 
at a later time. If reclosing is unsuccessful (fault still 
present), the 52b opens before timing is complete, and 
the reclosing relay stays locked out. 

For the manual trip, 101/SC opens and stays open 
as a result of the movement of the control switch handle 
by an operator to the trip position. This contact is closed 

n "close" and closed “after close.” It is open in “trip” 
and open "after trip." It "slips" and is therefore called 
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Tripping Motion Starts ^| 
52a and a 52b and 520 and 52ос 
«-Closed 52bb Closed —» 
(Full Closed) 100% Closed 





Breaker 
Contact Travel 


(Full Open) 0 


Time (Cycles) 


Notes: 


1) 52a and 52aa - Closed When Breaker Is Closed. 
52b and 52bb - Closed When Breaker Is Open 
2) 52aa Is a fast opening contact when the breaker opens. 
52bb is a fast closing contact when the breaker opens 
3) Cross-Hatched Areas Indicate Variable or Adjustable Range. 


Figure 15-1 Typical circuit breaker instantaneous reclos- 
ing cycle. 


a slip contact. No reclosing is desired following a manual 
trip, and the slip contact supervises this. 

The breaker-control scheme of Figure 15-2 is only 
one of a number of schemes used, but the fundamentals 
of automatic reclosing are similar. 


5.2.4 Solid State Single-Shot Reclosing Relay 


The logic diagram for the SGR-51 is shown in Figure 
15-3. It requires only a 52b contact to indicate breaker 
status. The single-shot function provides an output dur- 
ing the closing stroke of the breaker. It has a short- 
duration output immediately following a 1 input. The 
output then reverts to 0, regardless of whether the input 
1 is short or continuous. 

With the SGR-51 reset and the breaker closed. the 
52b switch is open, and a continuous 1 exists at the 
single-shot input with a steady state 0 output. For this 
condition, the flip-flop outputs are as shown. With the 
negated input to the upper amplifier, relay CR is con- 
tinuously energized, providing a closed contact CR in 
the breaker close circuit. 

As the breaker is tripped by protective relays, the 
only open contact in this breaker close circuit, 52bb. 
closes (Figure 15-3). As the breaker moves, 52b closes 
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Device Number Chart 


43 - Automatic Operation Cutout Switch 

43S - Synchronizing Switch 

52a -Circuit Breaker Auxiliary Switch (Open When 
Breaker is Open) 

520  -Circuit Breaker Auxiliary Switch (Closed When 
Breaker is Open) 

52aa -Circuit Breaker Auxiliary Switch (Open When 
Breaker is Open) 

52bb -Circuit Breaker Auxiliary Switch (Closed When 
Breaker is Open) 

52LC -Latch Check Switch 


52LPC - Breaker Low Pressure Check 


52CC -Circuit Breaker Closing Coil 
52X  - Breaker Control Relay 
52Y  - Breaker Anti-Pump Relay 
79 - Automatic Reclosing Relay (Type SGR-12) 
86B  -Bus Lockout Relay 
101 = - Manual Control Switch 
с - Close Contact 
sc - Slip Contact 


Figure 15-2 External schematic of (һе SGR-12 reclosing relay. 


to produce a 0 input to the single shot. Then. as the 
breaker recloses, 52b opens, putting a 1 on the single- 
shot input. A short 1 output follows to operate the flip- 
flop. The upper output of the flip-flop changes to 1, 
putting a 1 on the negated amplifier input and deener- 
gizing CR relay. This opens contact CR in the close 


circuit. The lower output of the flip-flop changes to 0, 
operating the amber lamp to indicate a lockout. 

If the breaker stays closed (52b open). the two 1 
inputs to AND permit an output to the reset timer. If 
this condition continues for the reset interval (adjust- 
able from 3 to 30 sec), the lower input (c) to the flip- 





Positive Oavice Number Chart 
imi 43 - Automatic Operation Cutout Switch 
868 $2b -Circuit Breaker Auxiliary Switch 
(Closed When Breaker is Open} 
(в) 43 52bb -Circuit Breaker Auxiliary Switch 
= - (Closed When Breaker is Open) 
1015С юс 52LC - Latch Check Switch 
52LPC - Breaker Low Pressure Check 
435 79 -SGR-51 Automatic Reclosing Relay 
age ыл сара ia Oe a Ne Банан ааа Q 86B - Bus Lockout Relay 
i R5 101  - Manual Control Switch 
i С] +20Volts Dc 43S  -Synchronizing Switch 
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Figure 15-3 Logic diagram of the SGR-51 reclosing relay. 
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flop is energized. This resets the flip-flop, turns off the 
amber light, and energizes the CR relay, making it ready 
for the next automatic reclose operation. 

If the breaker retrips before the reset timer times 
out, the closing of 52b removes the 1 from AND to 
stop the timer and prevent the reset. Further action is 
blocked until the breaker is closed manually. 


5.2.2 Solid-State SGR-52 Relay Operation 


SGR-52 logic, shown in Figure 15-4, is similar to that 
for SGR-51 but has reclose-initiate and reclose-block 
functions. Also, the closing contact CR is not preclosed. 
To initiate reclosing, CR must be energized via the 
reclose-initiate circuit. This input is under the control 
of logic that identifies pilot tripping has occurred or 
some other consideration that assures the success of 
high-speed unsupervised reclosing. The reclose-initiate 
circuit includes a 100/0-ms timer that allows time for 
the 52b contact to operate, even if only a momentary 
closure of the reclose-initiate contact occurs. 

When a trip for which reclosing is desired (such as 
a pilot trip) occurs, the reclose-initiate auxiliary contact 
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closes to provide a 1 input to OR-1. The output de- 
energizes the 100/0 timer and places a 0 on the input 
of OR-2. This puts а 0 on the negated AND-1 input. 
As the breaker opens and 52b closes, the middle ne- 
gated input to the AND-1 goes to 0. If a lockout has 
not occurred, the three-input AND-1 is satisfied, to 
initiate the reclosing timer (0 to 2 or 2 to 20 sec). The 
output of the timer satisfies AND-2 to operate CR and 
initiate reclosing. 

The 52b switch may close some time after the breaker 
actually interrupts the flow of fault current. If the re- 
close timer is set on 0, the CR relay will be energized 
at the same time as the 52b switch closure. This pro- 
duces only a slight delay in reclosing relative to the 
SGR-51 with its preclosed CR contacts. For EHV ap- 
plications where intentional delay is required, the delay 
is provided by the 0- to 2-sec timer. When longer de- 
lays are required, 2- to 20- or 6- to 60-sec timers are 
available. 

Reclose blocking is necessary for functions such 
as out-of-step tripping and breaker-failure transfer- 
tripping. The reclose block input to OR-3 operates a 





Positive 
Reclose 
Block Reclose Initiate 
ò Auxiliary 4 
Note 2 
pios 
se 
Note3 38/125 Circuit 
(+) 
Power 
+20V Lockout —) f ?OVolts 
{ e 
Amp Я 
52b 0 tive] 
Note! Turns On Lamp 
U 
Negative 
Device Number Chart Notes: 
43 - Recloser Cutout Switch 1. Logic States Shown With Breaker Closed, 52b Open and 


435 - Synchronizing Switch 

52a - Breaker Auxiliary Switch (Open When Breaker is Open} 2. 
52b - Breaker Auxiliary Switch (Open When Breaker is Open) 

79 - SGR-52 Relay 3. 
868  - Bus Lockout Relay 

101С - Breaker Control Switch Close 4. 


SGR-52 Reset. 

Light Not Required. Only a Circuit to Negative Through 
52b is Required. 

Upon Energization of Power Supply, Relay Locks out 
Until Reset. 

Output from 0.2/60 Causes Fast Timeout of 100/0 


101SC - Breaker Control Switch Slip Close Timer. 


O3—- - Relay Terminal and FT Case Test Switch 


Figure 15-4 Logic diagram of the SGR-52 reclosing relay. 
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timer to input OR-2. This output of OR-2 overrides the 
initiate input and blocks reclosing by removing one of 
the AND-1 inputs, even though the pilot system may 
be calling for a reclosure. To avoid critical resetting 
between initiate and block inputs. the 0.2/60-ms timer 
provides a continuing block signal for 60 ms after re- 
moval of the blocking input. 

The lockout and reset operation occurs in the same 
manner as described above for the SGR-51 relay. 


5.3 Multishot Reclosing Relays 
5.3.1 Solid-State SGRU-54 Relay Operation 


The SGRU-54 relay is a 19-in. rack-mounted two- 
shot reclosing relay that provides one high-speed reclo- 
sure on pilot trips and one time-delayed reclosure on 
all other relay-initiated trips. Basically, it consists of 
two SGR-52 relays: one provides the high-speed re- 
closing function, the other the time-delayed reclosing 
function. 

For EHV applications, initial reclosure may be de- 
layed to allow an appropriate dead time. If necessary, 
the time-delayed reclosure may be supervised by an 
external CVX-1 synchronism-check relay (equipped with 
LBDL/LLDB control). If a synchronism check is not 
used, the reclosing times (2 to 20 sec) are controlled 
solely by the 52b switch input. 

The SGRU-54 relay can assist in equalizing the re- 
closing duty on the circuit breakers in a breaker-and- 
a-half or ring-bus configuration. This function can be 
accomplished by (1) allowing the reclosing relay for one 
breaker to reclose at high speed on pilot trips, with a 
fairly long second reclosing time delay and (2) by setting 
up the reclosing relay for the adjacent breaker for short 
time-delay reclosing only. 

Thus, on a high-speed pilot trip, the first breaker will 
reclose at high speed. If reclosure were unsuccessful, 
the second breaker would provide the second reclosure. 
If that were also unsuccessful, both reclosing relays would 
be locked out by interconnecting circuitry. 

If the second reclosure were successful, the second 
relay would reset in 3 to 30 sec, and the reclose-inhib- 
iting input to the first SGRU-54 would be removed. 
The first breaker then closes after a time delay. The 
first relay then resets to its normal condition after com- 
pletion of the 3- to 30-sec timing cycle. 


5.3.2 Electromechanical RC Relay 


This relay provides multishot (up to 6) reclosures through 
the use of drum-operated switches that allow various 
reciosing strategies to be elected. Timing is controlled 
by a small synchronous motor that drives the drum. 
Instantaneous-trip lockout, multishot selectable time 
interval reclosing, intermediate lockout, and initiated 
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first-shot instantaneous or time-delayed reclosures are 
possible using this device. 

Since resetting following successful reclosure is de- 
pendent on full drum travel, a minute or more of time 
may be required to accomplish this. Faults occurring 
during this resetting period will produce lockout. Fast 
resetting of solid-state and microprocessor relays over- 
comes this problem. 


5.3.3 Solid-State SRCU-2 Relay 


This three-shot reclosing relay for subtransmission- and 
transmission-line applications incorporates synchron- 
ism-check and LLDB/LBDL control features. It pro- 
vides high-speed reclosure, followed by one or two time- 
delayed reclosures. 

The high-speed initiated reclosure is controlled by a 
0- to 1-sec calibrated timer, adjustable from no inten- 
tional delay to the appropriate dead time for EHV ap- 
plications. For additional reliability, the high-speed 
reclose-initiate input incorporates an 8/0-ms seal-in 
circuit. 

The SRCU-2 also provides a high-speed reclosure 
inhibit input. This circuit is designed so that the inhibit 
signal takes precedence over the initiate input and blocks 
only high-speed reclosing. To avoid critical resetting 
between the initiate and block inputs, a 0.2/60-ms timer 
provides a continuing block signal for 60 ms after the 
blocking input is removed. 

The two time-delay reclosure circuits have inde- 
pendently adjustable 2- to 120-sec calibrated timers. 
High-speed reclosure is not required first for a time- 
delayed reclosure to take place. Both time-delayed re- 
closures are supervised by the synchronism and LLDB/ 
LBDL functions; that is, one of these functions must 
be present (within its setting) for time-delayed reclo- 
sures to take effect. 

The SRCU-2 can be programmed for independent 
reclosure times for LLDB- and LBDL-supervised re- 
closures. The timers normally committed to the first 
and second time-delayed reclosures are set to allow a 
maximum of two, 2- to 120-sec independent reclosures 
before lockout. 

After sequencing with no successful reclosures, the 
relay locks out to prevent further operations. Lockout 
is indicated by an amber light and energization of the 
lockout relay. The sequence-check circuitry, designed 
to initiate lockout upon any discrepancy of breaker op- 
erations (through 52b) vs. relay operation settings, pro- 
vides the SRCU-2 with an antipump capability. When 
dc is applied, the SRCU-2 locks out until reset. АП 
elements, except the indicating lights, are reset 3 to 60 
sec after the breaker remains closed. 

The SRCU-2 also incorporates an intermediate lock- 
out function, with one remaining reclosure available to 
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One Line Diagram 


TEF 


Load Load 


SRCU-2 Settings 





Permanent Fault on Line CD 


A and F Trip 

B, C, D and E Trip 

A and F Reclose (LBDL) 
B and E Reclose (LLDB) 
SRCU-2 at B and E Reset 
C Closes (LBDL) 

A Trips 

D Closes (LBDL) 

F Trips 

B and C Trip 

D and E Trip 

A Recloses 

B Recloses (LLDB) 

F Recloses 

E Recloses (LLDB) 


Temporary Fault on Line CD 


A and F Trip 

B, C, D and E Trip 

A and F Reclose (LBDL) 
B and E Reclose (LLDB) 
SRCU-2 at B and E Reset 
C Closes (LBDL) 

D Closes (LBDL) 


Figure 15-5 Typical example of an application of the SRCU- 
2 on a subtransmission circuit. 


final lockout. Final reclosure is allowed under synchron- 
ism-check supervision only. 

Four voltage-level detectors indicate line and bus 
status. Each is independently adjustable from 3 to 
120 V for live and dead conditions. 

The synchronism-check detector, indicating the 
phasing voltage between line and bus, has a range of 5 
to 120 V. A synchronism confirmation requires that one 
of the voltages be above the live voltage-level setting. 


Permanent Fault on Line CD 
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An optional inhibit input blocks all reclosing as long 
as an input persists, such as the reception of a transfer- 
trip signal from a remote station. This inhibit input is 
retained if a loss of signal occurs when “trip” is being 
received. 

Another option, the supervisory close input, over- 
rides lockout to provide an additional reclosure if either 
synchronism or the LLDB/LBDL conditions are satis- 
fied for more than 2 sec. If the circuit recloses and 
retrips and during this time the supervisory close input 
continues, a second reclose will not occur. 

Another option is a voltage output on a DLDB con- 
dition after a 5-sec delay. An external ARS relay driven 
by this output can provide trip control. This use of this 
option is diagrammed in Figures 15-5 and 15-6. Faults 
are isolated by tripping all intervening devices, such as 
switches B, C, D, and E when breakers A and F trip. 
and then reclosing them discriminatingly as shown. 
Switches B, C, D, and E must be able to close into the 
worst three-phase fault, but need not interrupt fault 
current. This scheme also dictates that bus and line 
potential be available for each switch. 


5.8.4 Microprocessor-Based Reclosing Relays 


Several varieties of microprocessor-based relays are 
available. Functionally, they are similar to their elec- 
tromechanical and solid-state counterparts, but in ad- 
dition, possess the qualities one expects from micro- 
processor relays: self-testing, “watchdog” timing, failure 
alarm, etc. 

One example the, MRC-22, provides the following: 


1. Instantaneous-trip enable (from selected states of 
the sequence) 
2. Drive to lockout (from external contact) 


Temporary Fault on Line CD 

















Fault Occurs Fault Occurs 
Breaker А s Breaker A pes 
Switch B Switch B 
Switch с Switch с 
Switch р Switch D 
Switch E Switch Е 
Breaker Е Breaker F 
SRCU- A Not Reset 5800-2 A ма 
SRCU-2 B SRCU-2 B 
SRCU-2 C SRCU-2 C 
SRCU-2 D SRCU-2 D 
SRCU-2 E SRCU-2 E 
SRCU-2 Е SRCU-2 F 


Seconds > О 


Fault Located and Isotated All Load Restored 











All Lines Restored 


All Load Restored 


Figure 15-6 Timing chart for fault on line CD in the system of Figure 15-5. 
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Table 15-1 Solid State Reclosing Relay Characteristics? 





SGR-51 SGR-52 DRC 

(Flexitest (Flexitest SGRU-52 8680-54 (Hlexitest SRCU-2 
Functions case) case) (Rack) (Rack) case) (Rack) 
Instantaneous one-shot reclosing X 
First-shot reclosing with time delay 0-45 
Initiated first-shot reclosing with time delay 0-2 0-2 0-2 0-1 
Second-shot reclosing with time delay 0-45 2-120 
Initiated second-shot reclosing with time delay 2-20 
Third-shot reclosing with time delay 0-45 2-120 
Internal reclose lockout switch X X X 
Instantaneous trip lockout after any preset trip 

or when closing in from lockout X 


Intermediate lockout to allow final reclosure 


on synchronism only X 
Synchronism check, live bus/dead line and live 

line/dead bus functions X 
Optional inhibit input to restrain all reclosing X 


Reset interval with instantaneous reset following 3-30 3-30 3-30 3-30 10-60 3-60 





Test/reset switch for indicator lamp check X 
Lockout relay X X 
Output relay for energizing close circuit X X X X X X 
Indicating light for functional reclosures X 
52b switch controlling green light for all 
breaker status supervision X X X X X 
Locks out on application of dc X X X X X 
@Table gives times in seconds. 
3. Load tap changer lockout (to avoid stepping during plus independent alarming of: 
reclosing) 1. Lockout 
4. In-progress output (to identify remotely that the 2. Failed reclose 
reclosing relay is sequencing) 3. Alarm (processing failure) 
1 Station Bus Pos Dc Control Bus Device Number Chart 
5 Б 25 - Synchro-Verifer Relay (type CVX) 
5 ю 25/0 - Operating Electromagnet (Type CVX) 
25/R  - Restraint Electromagnet (Type CVX) 
52 - Power Circuit Breaker 
Voltage Transformer 101 52b - Breaker Auxiliary Contact 
sc (Closed When Breaker is Open) 
r--— im 101 - Circuit Breaker Control Switch 
| 25 пг 25 101-0 - Contact as Shown in Off Position 
R M 101-SC - Contact Closed During and After a 
25 Close Operation 


Other Devices Required for 
Anti-Pump Control Not Shown 





Closing 

Circuit 

| of Breaker 
Voltage Transformer | uM 1 | Neg. | 


ш 


Figure 15-7  Synchronism check relay schematic diagram. 
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Contact Closing Torque 
When Line Voltage 


Falls Within Circle Bus Voltage 


(Reference) 


2) 


Figure 15-8 Typical synchro-verifier relay closing char- 
acteristics. 


5.3.5 Summary of Reclosing Relay Characteristics 


The characteristics and features of the various solid- 
state and microprocessor-based reclosing relays are 
summarized in Table 15-1. 


6. SYNCHRONISM CHECK 


Synchro-verifier relays check to ascertain that the volt- 
ages on the two sides of a breaker are approximately 
the same in magnitude and phase. These relays super- 
vise automatic or manual closing of a circuit breaker 
and are connected as shown in Figure 15-7. The 52b 
contact ensures that the CVX contact is open imme- 
diately after tripping and a conscious determination of 
synchronism or the lack of it is made. 
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Figure 15-9 Typical voltage angle characteristics of CVX 
for various angle settings. (Rated voltage on one circuit.) 
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Figure 15-10 Approximate maximum slip frequency for 
which operation occurs. (Rated voltage on both sides.) 


Because of their slow speed, even on low time-dial 
settings, these relays cannot perform a generator au- 
tomatic synchronizing function except on very small 
machines (500 kVA), in which a fairly large angle at 
closing may be permissible. The relays contain no pro- 
vision for energizing the closing coil at the precise angle 
that would ensure 0 voltage across the breaker contacts 
at the instant of closure. 

The synchro-verifier relay's prime function is to en- 
sure that, before closing a breaker, two system segments 
are already tied together through another path or that 
two separated systems are very nearly in synchronism. 
The characteristics of the CVX group of relays are shown 
in Figures 15-8 and 15-9. Their normal adjustment is 
20^, which may be increased to 60? if such a wide closure 
angle will not disrupt the system. 

Figure 15-10 plots the maximum beat frequency across 
the open breaker that will allow the CVE contact to 
close. For example, at a 20% setting of angle of closure, 
a slip frequency of 0.0167 (the value that gives a syn- 
chroscope pointer movement at the rate of a clock's 
second hand), would require a time-dial setting on the 
CVX of 2 or less. 


7. DEAD-LINE OR DEAD-BUS RECLOSING 


At some locations, reclosing is initiated when the bus 
is hot and the line dead, or vice versa. This arrangement 
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Partial Schematic 





Device Number Chart 

52с -Close Coil of Circuit Breaker 

43  -Automatic/Manual Switch 

79  -Reclosing Relay 

101C - Control Switch Contact (Closed in "Close") 
V4 -Voltage Unit for One Side of Breaker 

V2 -Voltage Unit for Other Side of Breaker 


Figure 15-11 Typical synchronism check control of breaker 
closing using CVE-1. 


Partial Schematic 






High Speed Trips 





Reset 
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ERT Initiate 
SX-1 High Speed 


Reclosures 


зна Initiate Time 


52a SX-2 Delayed 
Reclosures 










CVE 
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Synchronism 


Figure 15-12  Reclose initiation scheme of СУЕ-2 relay. 
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mav be used, for example, to energize one end of a 
transmission line if the bus is hot. Reclosing at the other 
end of the line could be supervised by a synchro-verifier 
relay. The CVX-1 relay contains elements for the syn- 
chronism-check, LLDB, and LBDL controls. Figure 15- 
11 illustrates its basic operation for controlling auto- 
matic breaker closure. Manual breaker closures by 101C 
can also be supervised as shown. 

To avoid any possibility of pumping, synchronism- 
check closures should always be made under control of 
a reclosing relay or similar device (see Figure 15-11). 
The svnchro-verifier relay does not include an antipump 
provision. nor will the antipump scheme in the breaker 
reliably prevent pumping when closing into a perma- 
nent fault. 


8. SELECTIVE INITIATION 


Figure 13-12 shows how the CVE-2 relay is used to 
selectivelv initiate reclosures. The reclosing action is 
modified bv the nature of the trip: High-speed relay 
trips initiate high-speed and time-delayed reclosures; 
time-delaved relay trips initiate only time-delayed syn- 
chronism-check reclosures: and manual trips do not in- 
itiate reclosures. 


9. AUTOMATIC SYNCHRONIZING 


A synchronizing svstem сап be used at unattended or 
attended locations for automatic svnchronizing or su- 
pervision of manual svnchronizing. The heart of this 
system is the synchronizer. which compares the voltage 
on two sides of an open breaker and energizes the breaker 
close coil under the following conditions: 


]. Ifthe frequency difference is below a preset amount 
2. At such a phase angle that the breaker contacts 
close when the systems are in phase 


An automatic synchronizer can often be equipped with 
the following options: 


1. Ап acceptor, to restrict the range of voltages at 

which breaker closing in initiated 

A governor control auxiliary, to initiate angular 

adjustments needed for synchronizing 

3. A regulator control auxiliary, to initiate voltage- 
level adjustments needed for synchronizing 

4. Asynchronism-check device, to avoid possible clo- 
sure because of component failure in the automatic 
synchronizer 


to 
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Load-Shedding and Frequency Relaying 


Original Author: E. A. UDREN 


1. INTRODUCTION 


When a power system is in stable operation at normal 
frequency, the total mechanical power input from the 
prime movers to the generators is equal to the sum of 
all the connected loads, plus all real power losses in the 
system. Any significant upset of this balance causes a 
frequency change. The huge rotating masses of turbine- 
generator rotors act as repositories of kinetic energy: 
When there is insufficient mechanical power input to 
the system, the rotors slow down, supplying energy to 
the system. Conversely, when excess mechanical power 
is input, they speed up, absorbing energy. Any change 
in speed causes a proportional frequency variation. 

Unit governors sense small changes in speed resulting 
from gradual load changes. These governors adjust the 
mechanical input power to the generating units in order 
to maintain normal frequency operation. Sudden and 
large changes in generation capacity through the loss 
of a generator or key intertie can produce a severe 
generation and load imbalance, resulting in a rapid fre- 
quency decline. If the governors and boilers cannot 
respond quickly enough, the system may collapse. Rapid, 
selective, and temporary dropping of loads can make 
recovery possible, avoid prolonged system outage. and 
restore customer service with minimum delay. 


2. RATE OF FREQUENCY DECLINE 


Before designing a relay scheme for system overload 
protection, it is necessary to estimate variations in fre- 
quency during disturbances. Figure 16-1 shows a system 
$ that consists of two interconnected subsystems, S, and 
5-. For all of S, the following relationship must hold 
true for constant-frequency operation: 


Generation = loads + losses (16-1) 


There can, however, be more generation than load in 
S, and more load than generation in 5, with the dif- 
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Revised by: W. A. ELMORE 


ference being transferred by an intertie as shown. If the 
total loads and losses are equal to the tota] mechanical 
power input, there will be no change in generator speed 
or frequency with time. 

If, however, the tie is suddenly lost as a result of a 
permanent fault, the kinetic energy in the S, generators 
must increase to absorb the excess power input; that is, 
the generators must speed up. Conversely, the S, gen- 
erators must slow down. The classical expression for 
the initial rate of change of frequency is 


df AP 

— LL 16-2 

dt 2H ne) 

where 

df КЕТТІ 

mu per unit initial rate of change of frequency 

Ap = decelerating power in per unit of connected 

kVA 

H - inerti: sein eec RN 

= inertia constant, сүтү kVA 


In this text, all H constants and AP values are related 
to a kVA rather than kW base. 

The inertia constant (H) is defined as the ratio of 
the moment of inertia of a generator's rotating com- 
ponents to the unit capacity. It is the kinetic energy in 
these components at the rated speed. For example, a 
turbine-generator rated at 100 MVA, with an inertia 
constant of 4, has a kinetic energy of 400 MW-sec, or 
400 MJ, in its rotor when spinning at rated speed. If 
both power output and load were constant with declin- 
ing frequency and speed, the generator could supply its 
full load (with p — 1) for 4 sec, with no power input 
to the turbine, before the rotor would come to a com- 
plete halt. The inertia constant (H) for an individual 
unit is available from the manufacturer or may be cal- 
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Transmission Tie 


200MW Transfer 





Generation =1000 MW 
Load= 800MW 


Generation = 1000 MW 
Load=!12OOMW 


Figure 16-1 Interconnected system S. 
culated from 


ind 0.231 WR? RPM? 10 5 


KVA (16-3) 


For а system, a composite value is calculated as follows: 





Нн. = HiMVA, + Н,МУА, %...Н,МУА, 
system MVA, + MVA, +...MVA, 
(16-4) 


where subscripts 1, 2,... 
erating units. 

The larger the inertia constant, the slower the fre- 
quency decline for a given overload. Older water-wheel 
generators, with their massive rotors, have inertia con- 
stants as large as 10. Newer turbine-generator units, 
however, may have inertia constants of only 2 or 3, 
since the trend is toward larger outputs with smaller 
rotor masses. Power systems are becoming more prone 
to serious frequency disturbances for given amounts of 
sudden load change. 

An example is shown in Figure 16-1. System 5; in 
Figure 16-1 has a net load of 1200 MW and total gen- 
eration of 1000 MW. The tie must carry 200 MW from 
S; to S. The inertia constant for S; is 4, and the power- 
factor rating of the machines there is 0.85. If the tie is 
suddenly lost, the initial rate of frequency drop in sys- 
tem S, is calculated as follows: 


tie Load lost 200 
kVA of S2. 1000/0.85 
— 0.17 per unit 


‚ п refer to individual gen- 





АР = 


Then using Equation (16-2), we obtain 


df 0.17 Е 
dep 720) = –— 0.0213 per unit 
ағ 


— = 0.0213 х 60 = – 1.275 Hz/sec 


The negative rate of change indicates frequency drop. 

As the frequency drops, experience has shown that 
load power also decreases. A frequently used relation- 
ship is that 1% frequency drop produces 2% automatic 
load reduction. 1% frequency drop corresponds to 0.6 
Hz. The resulting load change applies to the entire load 
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in the system segment under consideration, not to the 
AP, and in the example above would correspond to 0.02 
(1200) = 24 kW. This reduces the generation deficiency 
to (200 — 24) - 176 kW, slowing the decay. А fre- 
quency reduction of 8.35% would reduce the load by 
16.7% or 0.167 (1200) = 200 kW. However, at this 
frequency (55 Hz), generating-plant station auxiliaries 
would probably collapse and stable operation would not 
be possible. Motor-driven auxiliaries will slow down 
reducing generator output. Safety margins in generator 
and motor cooling and bearing lubrication systems may 
become dangerously small. 

The simple diagram of Figure 16-2 may be used to 
illustrate a principle. Loss of generator 2 imposes an 
increased load on generator 1. The load will continue 
to be supplied, but at the expense of decreasing speed 
of the rotating mass. The initial MW overload on the 
"remaining" generation is exactly equal to the “lost” 
MW generation. The load reduction which is influenced 
by the frequency reduction, is related to the original 
total load (1 + AP). The new load following frequency 
reduction is 1.0, the original load on G1. A new stable 
operating frequency is reached 


AP 
ns alı | d(- x 


where 


(16-5) 


f; = new stable operating frequency (in hertz) 
fo = rated frequency (in hertz) 
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Figure 16-2 Example of natural load shedding. 
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Figure 16-3 Frequency change response to moderate 
overload (all per unit). 


AP = per unit load reduction (per unit based on re- 
maining generation) 
d = per unit change in load per unit change in 
frequency 


The d factor may vary from ’2 to 7, depending on the 
mix of loads, although typically most utilities assume 
d - 2 (that is, a 2% decrease in load for each 1% 
decrease in frequency). An exact value of d can be 
determined only by observing the variation of load with 
frequency on the system under consideration. 

Figure 16-3 shows a typical frequency decline re- 
sulting from loss of generation. Figure 16-4 describes 
the behavior of system frequency for several combi- 
nations of inertia constant and percent overload using 
d - 2.0. 

Most 60-Hz plants will operate down to 55 Hz on a 
temporary basis, but under no circumstances should 
long-blade turbines be permitted to operate loaded on 
a steady basis at a frequency below 59.5 Hz or below 
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Figure 16-4 Behavior of frequency during overload. 


347 


58.5 Hz for shorter-blade machines. The last rows of 
low-pressure blades in steam and gas turbines are tuned 
to be free of resonance when operating at the rated 
speed. Off-normal operation can produce failure in a 
matter of minutes. 

Governor response will work to correct the defi- 
ciency (or excess) in system speed. However, time delay 
is involved in reestablishing a new stable relationship 
in boilers. water flow. etc. To avoid operation at re- 
duced frequency. it is necessary to shed load (trip circuit 
breakers to disconnect load from its source of power). 


3. LOAD-SHEDDING 


For gradual increases in load. or sudden but mild over- 
loads, unit governors will sense speed change and in- 
crease power input to the generator. Extra load is han- 
dled by using spinning reserve, the unused capacity of 
all generators operating and synchronized to the sys- 
tem. If all generators are operating at maximum ca- 
pacity, the spinning reserve is 0, and the governors may 
be powerless to relieve overloads. 

In any case, the rapid frequency plunges that accom- 
pany severe overloads require impossibly fast governor 
and boiler response. To halt such a drop, it is necessary 
to intentionally and automatically disconnect a portion 
of the load equal to or greater than the overload. After 
the decline has been arrested and the frequency returns 
to normal, the load may be restored in small increments, 
allowing the spinning reserve to become active and any 
additional available generators to be brought on line. 

Frequency is a reliable indicator of an overload con- 
dition. Frequency-sensitive relays can therefore be used 
to disconnect load automatically. Such an arrangement 
is referred to as a load-shedding or load-saving scheme 
and is designed to reserve system integrity and minimize 
outages. Although utilities generally avoid intentionally 
interrupting service. it is sometimes necessary to do so 
in order to avert a major system collapse. In general, 
noncritical loads, usually residential, can be interrupted 
for short periods, minimizing the impact of the dis- 
turbance on service. 

Automatic load-shedding, based on underfrequency, 
is necessary since sudden, moderate to severe overloads 
can plunge a system into a hazardous state much faster 
than an operator can react. Underfrequency relays are 
usually installed at distribution substations, where se- 
lected loads can be disconnected. 

The object of load-shedding is to balance load and 
generation. Since the amount of overload is not readily 
measured at the instant of a disturbance, the load is 
shed a block at a time, until the frequency stabilizes. 
This is accomplished by using several groups of fre- 
quency relays, each controlling its own block of load 
and each set to a successively lower frequency. The first 
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line of frequency relays is set just below the normal 
operating frequency range, usually 59.4 to 59.7 Hz. 
When the frequency drops below this level, these relays 
will drop a significant percentage of system load. If this 
load drop is sufficient, the frequency will stabilize or 
actually increase again. If this first load drop is not 
sufficient, the frequency will continue to drop, but at 
a slower rate, until the frequency range of the second 
line of relays is reached. At this point, a second block 
of load is shed. This process will continue until the 
overload is relieved or all the frequency relays have 
operated. An alternative scheme is to set a number of 
relays at the same frequency or close frequencies and 
use different tripping time delays. 

Techniques for developing schemes and calculating 
settings are described below in Section 5. 


4. FREQUENCY RELAYS 


Many different types of frequency relays have been used 
over the years. The induction-disk relay that was the 
forerunner of all frequency relays has faded into disuse 
in favor of more accurate devices. Three general classes 
of frequency relays are being applied: the induction- 
cylinder relay, the digital relay, and the microprocessor 
relay. 


41 KF Induction-Cylinder Underfrequency Relay 


This relay is fast and sufficiently accurate for most ap- 
plications. The principal of operation of the relay is 
described in Chapter 3 and is based on a circuit in which 
the phase angle changes as frequency changes. The phase 
relationship between the current in this circuit and a 
reference current produces torque that changes direc- 
tion when the set-point frequency is reached. With this 
relay, as with all frequency relays, precaution must be 
taken in the design of the device to make certain that 
the phase shift associated with phenomena such as faults, 
which appear as an extreme change of frequency due 
to the sudden change of phase angle of the supply volt- 
age, do not produce misoperation. In the case of the 
induction-cylinder relay, a time delay of at least six 
cycles is required. The tripping characteristics for the 
KF induction-cylinder relay are shown in Figure 16-5. 
This type of plot is useful for predicting the frequency 
at which tripping will occur during frequency declines. 
It reflects the fact that the frequency will continue to 
drop after the relay-setting frequency is crossed, and 
during the time the relay is operating. As a result, the 
actual contact closure frequency will be somewhat be- 
low the set value. 

The “cycles-of-delay” parameter associated with each 
curve in the family is the intentional time-delay setting 
after the cylinder unit closes its contacts. The plot shown 
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Figure 16-5 Characteristics of 60 Hz induction cylinder 
(KF) frequency relay. 


in Figure 16-5 includes the inherent cylinder operating 
time. An examination of the six-cycle delay curve with 
a 10-Hz/sec frequency decline indicates that trip contact 
will close when the frequency is 2 Hz below the setting. 
Total operating time following the crossing of the set- 
point frequency will thus be 2/10 x 60 (base) - 12 
cycles. In other words, the cylinder unit operates in six 
cycles and the timer adds a six-cycle delay. Figure 16-6 
shows an example of the actual trip frequency that re- 
sults from the necessary operating time of the induction 
cylinder and the required security delays. The relay in 
this case was set for 58.9 Hz and was unable to produce 
benefit until the frequency had decayed to 57 Hz. This 
is an exaggerated case. Frequency decay, in general, 
will not be so severe and it will benefit from the au- 
tomatic load-shedding resulting from frequency decay 
that is not shown here. 


4.2 Digital Frequency Relays 


Digital relays in general utilize a multimegahertz counter. 
Zero crossing of voltage is detected, and a counter starts 
and continues counting until the next voltage zero or 
in some relays until the next positive going zero-crossing. 
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Figure 16-6 Frequency vs. time on 100% overload. 


The count accumulated is indicative of the period of 
the waveform and thus the frequency is identified. 
Accuracies of 0.005 Hz are realizable utilizing this con- 
cept. Security is achieved by several expedients such as 
requiring that an abnormal count occur in three consec- 
utive periods. One cycle of adequate frequency will cause 
the relay to reset, requiring it to begin the "count of 37 
again. The sudden phase shift caused by a fault such as 
a “b to c" fault for a relay that is sensing “а to b" voltage 
will be sensed as a short period once but will not repeat. 


4.3 Microprocessor-Based Frequency Relay 


The principle applied in the microprocessor relay is the 
same as that in a digital relay, but additional sophisti- 
cation is included. АП the self-checking provisions and 
examination of various failure modes are constantly 
achieved and alarm and lockout are an inherent part of 
these relays. 

Multiple set points are common among digital and 
microprocessor frequency relays. Some may be used 
for over- or underfrequency applications and some in- 
clude a "restore" function. The restore function may 
be set at a frequency level to indicate that the power 
system has recovered and is now able to accommodate 
the reapplication of the load that was shed. In general, 
a long time delay is required in the restore function to 
assure that pumping will not result. Often, an external 
timer is required. 


5. FORMULATING A LOAD-SHEDDING SCHEME 


Several procedures and criteria must be considered when 
designing load-shedding schemes for specific systems. 
These include: 


1. Maximum anticipated overload 
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Number of load-shedding steps 
Size of the load shed at each step 
Frequency settings 

Time delay 

Location of the frequency relays 
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5.1 Maximum Anticipated Overload 


Underfrequency relays should be able to shed a load 
equal to the maximum anticipated overload. Logically, 
there is no reason to limit load-shedding to any per- 
centage of load. Indeed, it is preferable to shed 100% 
of load. preserving interconnections and keeping gen- 
erating units on line and synchronized, than to allow 
the svstem to collapse with customers still connected. 
Even if 100° of the load is shed, service can be restored 
rapidlv: if the svstem collapses, a prolonged outage would 
result. For this reason, it is necessary to evaluate the 
cost of the load-shedding scheme in light of the prob- 
ability that an overload of a given severity can occur. 

The system should be studied with respect to the 
overload that would result from the unexpected loss of 
kev generating units. transmission ties, and buses. Sta- 
bility studies can help identify areas that, if separated 
or islanded trom the rest of the system. would have a 
severe generation deficiency. These areas will need more 
comprehensive load-shedding. 

The load-reduction factor d should also be consid- 
ered. since it will reduce the overload once the fre- 
quency has dropped. If spinning reserve. or additional 
generation capacity equal to the overload compensated 
for by d, is not available shortly after the disturbance, 
it will be impossible to bring back the system to rated 
frequency. This will mean that an islanded system can- 
not be resynchronized, and interconnections to neigh- 
boring utilities cannot be reclosed. (It should also be 
remembered that the turbine-generators must not be 
operated for extended periods below rated speed.) 

The load-reduction factor d is rarely known exactly 
and may vary with time. To design a conservative scheme, 
which will tend to shed enough load for system recov- 
ery to normal frequency, it is safest to assume that d 
equals 0. 


5.2 Number of Load-Shedding Steps 


The simplest load-shedding scheme is one in which the 
predetermined percentage of the load is shed at once 
when a group of relays senses a frequency drop. Al- 
though this scheme will arrest anv anticipated frequency 
decline, it will often disconnect far more customers than 
necessary. A refinement then would be to use two groups 
of relays, one operating at a lower frequency than the 
other, and each shedding half the predetermined load. 
The higher-set relays would trip first, halting the fre- 
quency decline as long as the overload were half or less 
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Table 16-1 Overloads Resulting From the 
Loss of A, B, or Both 
Percent 
Percent of overload 
generation (from 
Event lost Equation 16-3) 
Loss of interconnection B 12 13.6 
Loss of generator A 20 25 
Loss of both A and B 
simultaneously 32 47 


of the worst-case value. For more severe overloads, the 
frequency would continue to drop, although at a slower 
rate, until the second group of relays operated to shed 
the other half of the expendable load. 

The number of load-shedding steps can be increased 
virtually without limit. With a great many steps, the 
system can shed load in small increments until the de- 
cline stops; almost no excess load need be shed. Such 
a scheme may, however, inhibit system recovery. As 
noted below, it may also be difficult to coordinate so 
many steps. 

Most utilities use between two and five load-shedding 
steps, with three being the most common. 


5.3 Size of the Load Shed at Each Step 


When possible, the size of the load-shedding steps should 
be related to expected percentage overloads. When a 
study of the system configuration, or a stability study, 
reveals that there is a relatively high probability of los- 
ing certain generating units or transmission lines, the 
load-shedding blocks should be sized accordingly. Siz- 
ing can be determined as in the following example. 

Assume that a power system has a generating plant 
A at a remote location, this plant is tied to the rest of 
the system by long lines, and the system also is con- 
nected by a transmission tie B to a neighboring utility. 
Assume in addition that A carries up to 20% of system 
load and B up to 12%. Stability studies show that certain 
faults or disturbances may result in loss of synchronism 
between A and the system, so that its transmission ties 
must be opened. Furthermore, problems on the neigh- 
boring utility system may necessitate the tripping of B. 
It is important for such a system to implement a load- 
shedding scheme that will preserve the remaining sys- 
tem if A and B are lost. It is logical, therefore, to use 
three load-shedding steps to handle overload resulting 
from (1) loss of A, (2) loss of B, or (3) loss of both A 
and B simultaneously. The overloads, in order of in- 
creasing probability and seriousness, are listed in Table 
16-1. 

The following load-shedding steps are implemented 
to handle each situation in succession: 


Chapter 16 


Step 1. Shed 12% of total load (12% of total). 

Step2. Shed an additional 8% of remaining load (20% 
of total). 

Step 3. Shed an additional 12% of remaining load (3296 
of total). 


Note that each step sheds only enough load to handle 
the next, more serious contingency. Each step should 
be evenly spread over the system by dropping loads at 
diverse locations. 

If the system under consideration is large, there may 
be many possible combinations of events to consider, 
each causing only a small percentage overload in itself. 
In this case, a number of overload situations may be 
lumped together and handled in one step. Conversely, 
it may be sufficient to shed a percentage of the overload 
in a few equal steps. To implement the shedding evenly 
and at the distribution level, such a system would re- 
quire a large number of frequency relays, distributed 
over the system. With so many relays, there is no cost 
penalty in using smaller steps (five, for example) to 
more closely balance generation and load, provided that 
all the steps can be coordinated. 


5.4 Frequency Settings 


The frequency at which each step will shed load depends 
on the system's normal operating frequency range, the 
operating speed and accuracy of the frequency relays, 
and the number of load-shedding steps. 

The frequency of the first step should be just below 
the normal operating frequency band of the system, 
allowing for variation in the tripping frequency of the 
relay. The stable, solid-state type 81 relays or micro- 
processor relays may be set from 55 to 59.9 Hz within 
0.01 Hz of the lowest expected normal-frequency ex- 
cursions to trip at the first indication of trouble. For 
induction-cylinder electromechanical relays, the highest 
frequency setting should be approximately 0.1 to 0.2 
Hz below the system's lowest normal operating fre- 
quency. Whatever type of relay is used, the frequency 
should be selected to avoid shedding for minor dis- 
turbances from which the system can recover on its own. 

The remaining load-shedding steps may be selected 
as follows: 


1. Based on the best estimate of AP, calculate df/dt 
using Equation 16-2. Employing relay tripping 
curves, calculate the actual frequency at which load 
will be shed by the first-step relays for the most 
severe expected overload. (See Figure 16-6 for 
guidance.) 

2. Set the second-step relays just below this fre- 
quency, allowing a margin that will tolerate any 
expected frequency drift for both sets of relays. 

3. Calculate the actual frequency at which the second 
load-shedding step will occur. The rate of frequency 
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decline by the second-step relays can be calculated 
as that resulting from the most severe expected 
overload minus the load shed in the first step. 

4. Again, allowing a margin for relay drift, set the 
third-step relays below the lowest second-step shed- 
ding frequency. 

5. Repeat the calculations until settings are obtained 
for all steps. Determine the system’s lowest fre- 
quency value before the final load block is inter- 
rupted for the worst-case overload. This value should 
not be below the system’s low-frequency operating 
limit. 

Continuing with the example given in Section 5.3 above. 

we may calculate frequency settings as follows. Assume 

the first load-shedding frequency is 59.5 Hz and that 

H = 4 (based on remaining generator MVA). From 

Table 16-1, the worst expected overload is 47% (47% 

of remaining generator MVA). This will cause a fre- 

quency decline of approximately 3.5 Hz/sec. The set 
point will be reached in 0.143 sec. By applying MDF 
relays with an effective 60-msec time delay and distri- 
bution breakers with an interrupting time of five cycles, 
the additional time to produce trip is 0.143 sec. The 
frequency at the time of interruption of load would be 

59 Hz. 

With the first block of load chosen as 12%, there is 
at this point a reduction in the overload. Since AP must 
be based on the kVA of the remaining generation (68%) 
and the 12% is of the original total load, the load is 
(100 — 12)/68 = 1.294. AP is then 29.4%. The rate of 
frequency decline becomes 60 x 0.294/(2 x 4) = 2.20 
Hz/sec. 

A setting of 58.9 is usable for the next shedding step. 
This will be reached, with a 2.2 Hz/sec decay rate, in 
(59 — 58.9)/2.2 — 0.045 sec. The relay delay and circuit- 
breaker opening time are again 0.143 sec. The total 
time for separating load is then 0.188 sec. The frequency 
would have decayed to 58.58 Hz by this time. A load 
corresponding to 846 of the original total load is shed 
at this point. 

The load now shed is 20% of the original total. The 
load on the remaining generation is (100 — 20)/68 — 
1.176 for a AP of 17.6%. The decay rate becomes 
60(0.176)/(2 x 4) = 1.32 Hz/sec. A setting of 58.5 Hz 
is realizable for the next stage. The setting will be crossed 
іп (58.58 — 58.5)/1.32 — 0.06 sec. As calculated before, 
the total time in this interval is 0.203 sec and the fre- 
quency falls 0.268 Hz for a shedding level of 58.3 Hz 
for dropping another 1246 of the original load. 

With 3246 generation loss initially and 32% load shed, 
the worst-case condition is handled with no frequency 
excursion below 58.3 Hz. Complete recovery occurs. 
With any lower level of generation loss, recovery will 
occur with less frequency drop in each stage and fewer 
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levels of underfrequency settings being reached. Also 
with inherent load-shedding, the frequency decay would 
have been somewhat slower. 


5.5 Time Delay 


The above examples illustrate an important rule for 
load-shedding schemes: Use the minimum possible time 
delav consistent with relay security. The less the delay, 
the more easily the scheme can cope with severe over- 
loads. All unnecessary interposing auxiliary devices 
should be avoided. 

Naturally. there are exceptions when an extra time 
delay may be needed. One such case is a frequency 
relay connected to a potential supply from a bus that 
supplies induction-motor loads (Figure 16-7). If the line 
breakers 1 and 2 trip and interrupt current to the mo- 
tors, they will slow down rapidly. Because of trapped, 
decaying flux, the motors will excite the bus with ac 
potential of decling frequency, possibly for 0.5 sec or 
longer. As a result, the load-shedding frequency relay 
will trip unnecessarily and lock out the feeder breakers 
4, 5, and 6. When remote breakers 1 and 2 reclose, 
service to the motors will not be restored and breakers 
4, 5, and 6 must be reclosed manually. This situation 
has caused frequency relays with up to 30 cycles of delay 
to trip. 

An intentional time delay long enough to ride through 
the residual voltage collapse is quite often too long to 
be consistent with load-shedding requirements. A more 
effective method is to supervise the underfrequency re- 
lay using the overcurrent relay (50) connected to the 
source current transformer, as shown in Figure 16-7. 
The frequency relay (81) will trip breakers 4, 5, and 6 
and shed load only when significant load current is flow- 
ing into the bus. 


Dc Positive 


Under frequency Relay Initiates 
Shedding of Feeders 4,5 and 6 


ICS 


wL 





KO-1 Overcurrent Relay 
Supervises Shedding 
of Motor Loads 


Dc Negative 


Figure 16-7  Underfrequency relay with induction motor 
load. 
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5.6 Location of the Frequency Relays 


In large systems, the load-shedding relays should be 
spread throughout the system to avoid heavy power 
flows and undesirable islanding. Load-shedding in one 
concentrated area, for example, can cause heavy power 
flow over transmission lines from the area where the 
load was shed to areas of excess load. Because of 
the original disturbance, these lines may already be 
operating at high emergency levels, and the uneven 
load-shedding may cause thermal overload or system 
instability. 

Concentrated loss of generation in certain areas of 
the system will also result in frequency dispersion; that 
is, the frequency in the overloaded areas will drop faster 
than elsewhere. The difference in frequencies naturally 
produces rapidly increasing torque angles on the trans- 
mission lines, which may cause the system to go out of 
step. Fortunately, load-shedding relays in the area of 
greatest frequency decline will trip first. This action 
alleviates the uneven loading, helps to bring back the 
system to uniform frequency, and avoids the impend- 
ing loss of synchronism. It is clearly important, how- 
ever, to install some extra load-shedding capability in 
any portion of the system that is prone to concentrated 
overload. 

Finally, load-shedding priorities must be established. 
The nature of the loads shed can usually be controlled 
only by tripping feeders at the distribution level. The 
implication is that frequency relays will be installed in 
many distribution substations and will control relatively 
small blocks of load. 


6. SPECIAL CONSIDERATIONS FOR 
INDUSTRIAL SYSTEMS 


Load-shedding programs are recommended for indus- 
trial power systems. Frequency relaying is high desir- 
able for those systems in which loads are supplied either 
exclusively by local generation, or a combination of 
local generators and utility ties. Power must often be 
maintained to certain essential processes to avoid dan- 
ger of personal injury, equipment damage, product loss, 
or process disruption. 

For local generators, the same type of single- or 
multiple-step frequency-based load-shedding program 
can be applied as that described for utility systems. 
Special precautions may be necessary, however, to ac- 
commodate the relatively small number of power sources, 
each of which can supply a considerable part of the total 
load. This type of scheme can produce different, more 
serious disturbances. 

For example, the scheme shown in Figure 16-8a is 
for a plant that generates about half its own power 
requirements, the balance being supplied through a util- 
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Figure 16-8 Control of industrial plant load shedding. 


ity tie. If this tie is lost, the local generators will be 
100% overloaded, and the rate of frequency drop will 
be 7.5 Hz/sec (if we assume that Н = 4). Clearly, this 
plant needs an exceptionally fast load-shedding scheme 
that can drop a large percentage of low-priority load 
with minimum delay. There may be no time for multiple 
steps. At the same time, the need for speed and sen- 
sitivity is often incompatible with security requirements 
for milder disturbances. 

One solution, shown in Figure 16-8a, is to set the 
frequency relay at a high, near-normal frequency and 
with minimum delay. Its tripping circuit is supervised 
by an undercurrent relay, whose contact closes if feeder 
service from the utility is lost. The large, sudden over- 
load on the local generators is relieved by tripping low- 


Load-Shedding and Frequency Relaying 


priority plant loads. If the tie is in service and the utility 
suffers a frequency disturbance, the undercurrent relay 
will prevent load-shedding in the plant, while the utility 
sheds its overload in lower-priority areas. 

The scheme of Figure 16-8b trips breaker 3 for any 
outfeed of power from the plant and then sheds load 
as required. A variation of this scheme uses the same 
complement of relays, but uses the “watt” relay to su- 
pervise the 81 trip. This prevents plant load-shedding 
for cases where the plant is supporting the utility system 
and the frequency is low. 


7. RESTORING SERVICE 


In general, the reclosing of feeders that have been tripped 
for load-shedding is left to the discretion of system or 
station operators. Frequency relays can be used, how- 
ever, either to supervise restoration or restore loads 
automatically. 

The following considerations apply to any restoration 
of service, whether manual or automatic: 


1. Frequency should be allowed to return to normal 
before any load is restored. Reclosing feeders when the 
frequency is still recovering may plunge the system back 
into crisis and will certainly prevent reunification of 
islands. Resetting of load-shedding frequency relays 
cannot be used for the supervision of restoration. 

2. Once the frequency has returned to normal, all 
serviceable interconnections must be allowed to re- 
synchronize and reclose. Unifying an islanded system 
as much as possible generally facilitates service resto- 
ration. 

3. Load should be restored in very small blocks. Re- 
connecting an entire shedding-step load at once, even 
at normal system frequency, can cause an overload. Not 
only may its size exceed spinning reserve, but also high 
currents resulting from cold load pickup can temporar- 
ily cause a severe overload. Reconnecting small blocks 
of load will cause only small frequency dips, which can 
be handled by the governors. 

More small blocks may be reconnected until most 
or all of spinning reserve is active. At this point, no 
further load should be added until additional generating 
capacity is available. Restoring excessive load may cause 
the frequency to settle below normal system frequency, 
making further reclosing of interconnections impossible. 

4. If a significant loss of generation occurs in a con- 
centrated area of the system, transmission lines into that 
area may be heavily loaded just to supply essential loads. 
In this case, the imbalance should not be increased by 
restoring expendable loads. 


If frequency relays are used for automatic restora- 
tion, as they sometimes are at unattended installations, 
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they should have a frequency setting of the normal sys- 
tem frequency. The load should be restored in blocks 
of 1 to 2% of system load, and restoration should be 
sequenced by time delay. After the initial system re- 
covery to normal system frequency, there should be a 
delay of 30 sec to several minutes, implemented auto- 
matically with a timer or manually via supervisory con- 
trol. This delay allows for resynchronizing of islands, 
reclosing of interconnections. and starting of peaking 
generators when available. The first block of load may 
then be restored; the frequency will dip and return to 
the normal system frequency. The next block should 
also incorporate several seconds of delay to permit fre- 
quency stabilization. 









Essential 
A 
— 
Expendable 
Incoming 
Feeders 
from Utility 
Expendable 
Essential 
Plant Loads 


Notes: с0-9 


1) СО-9 Relays Set to Pickup for Transformer Overload 


Ос Positive 





Dc Negative 
Notes: 
1) 52b- Breaker Auxiliary Contact Which is Closed When Breaker is 
Open. 


2) Circuit Permits Shedding When One Transformer is Overloaded 
and The Other is Disconnected from The System on The High Side, 
Low Side or Both 


(а) Protection against Transformer Overload. 


Figure 16-9 Load shedding schemes for industrial plants 
with no local generation. 
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Figure 16-10 Behavior of frequency during automatic load shedding and restoration. (Example for a 60 Hz system.) 


Each successive block should use a slightly longer 
time delay than the previous one. Thus, the second- 
block relays will time out before the third and reclose 
next. The frequency will reestablish at the normal sys- 
tem frequency, and the third block will time out and 
reclose. This process will continue until all blocks are 
restored or the spinning reserve is exhausted. 

When restoring “cold” loads, it may be necessary to 
temporarily disable the instantaneous-overcurrent fault 
protection to prevent the initial current surge from re- 
tripping the feeder. 

Restoring load for the example used in Sections 5.3 
and 5.4 can be described as follows. Assume that 10% 
of generation is lost, causing an 11% overload. Тһе 
first-step relays shed a block equal to 12% of system 
load. The block shed consists of groups of distribution 
feeders located at six different unattended substations, 
each equipped with an underfrequency relay. A second 
set of six frequency relays (or the same set of relays 
equipped with a “restore” function) used in the over- 
frequency mode automatically restores service. All re- 
lays are set at the normal system frequency and reclose 
feeders, one substation at a time, using external timers 
for sequencing and delay. The initial delay is 45 sec 
after the frequency returns to normal; subsequent de- 
lays are as follows: 





Substation no. External delay (sec) 


10 
12 
14 
16 
18 
20 





Сс чл > әне 





Figure 16-10 shows the behavior of frequency over time 
for this shedding and restoration action. 


8. OTHER FREQUENCY RELAY APPLICATIONS 


1. Overfrequency relays are often applied to gener- 
ators. These relays protect against overspeed dur- 
ing startup or when the unit is suddenly separated 
from the system with little or no load. Relay con- 
tacts either sound an alarm or remove power input 
to the turbine. 

2. Underfrequency relays, with long external time de- 
lays, may also be connected to generating units to 
protect against turbine-blade damage resulting from 
prolonged full-load underspeed operation. If the 
overload exceeds the capability of the load-shed- 


Load-Shedding and Frequency Relaying 


ding scheme, these generator relays will isolate the 
unit (with some load, if possible) to keep it in op- 
eration and avoid blade fatigue. When load is small 
or absent and vibration is minimal, a supervisory 
overcurrent relay or manual switch can be used to 
prevent tripping during startup. 

3. Underfrequency relays can also be used to sense 
disturbances and intentionally split systems by 
opening ties. System splitting will not alleviate 
overload, but it may allow more orderly and dis- 
criminating load-shedding action following the split. 
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Neighboring utilities should agree to uniform load- 
shedding programs; otherwise, the utility that sheds the 
most load may find itself relieving overloads for dis- 
turbances on other systems. In such cases, the shedding 
utility could use underfrequency relays to trip the in- 
terconnections (possibly in conjunction with reverse- 
power relavs). This scheme would eliminate the pos- 
sibility of a utility aggravating its own loading problems 
by adding those of a neighboring utility without ade- 
quate load-shedding. 


Bibliography 


BASIC FUNDAMENTALS 


Anderson, P. M., “Analysis of Faulted Power Sys- 
tems," The Iowa State University Press, 1981. 

Bewley, L. V., “Traveling Waves on Transmission Sys- 
tems," Dover Publications Inc., New York, 1963. 

Blackburn, J. L., “Protective Relaying Principles and 
Applications," Marcel Dekker Inc., New York, 1987. 

Blackburn, J. L., “Symmetrical Components for Power 
Systems Engineering," Marcel Dekker Inc., New 
York, 1993. 

Greenwood, A., “Electrical Transients in Power Sys- 
tems," John Wiley & Sons Inc., New York, 1971. 
IEEE/PES Power System Relaying Committee, “ЕЕЕ 

Standard Relays and Relay Systems Associated with 
Electric Power Apparatus," ANSI/IEEE C37.90-1989. 
Peterson, Н. A., “Transients in Power Systems." Dover 
Publications Inc., New York, 1966. 
Wagner C. F., and Evans, К. D., “Symmetrical Com- 
ponents," Robert E. Krieger Publishing, Malabar, 
FL, 1982. 


INSTRUMENT TRANSFORMERS 


IEEE/PES Power System Relaying Committee, “Ттап- 
sient Response of Current Transformers," IEEE New 
York, 1976, 76-CH, 1130-4 PWR. 

IEEE/PES Power System Relaying Committee “Сшае 
for The Grounding of Instrument Transformer Sec- 
ondary Circuits and Cases," ANSI/IEEE C57.13.3- 
1983. 

IEEE/PES Power System Relaying Committee, “Ро- 
tential Transformer Application on Unit-Connected 
Generators," IEEE Transactions on Power Appa- 
ratus and Systems, Vol. PAS-91, pp. 24-28, Јап./ 
Feb. 1972. 


357 


Wright, A., *Current Transformers. Their Transient 
and Steady-State Performance," Chapman and Hall, 
Ltd., 1968. 


MICROPROCESSOR RELAYING 


Phadke, A. G., and Thorp, J. S., "Computer Relaying 
for Power Systems," John Wiley & Sons Inc., New 
York, 1988. 


GROUNDING SYSTEM 


"Electrical Transmission and Distribution Book." 
Chapter 19, Westinghouse Electric Corp., Trafford, 
Pennsylvania, 1964. 

IEEE *Recommended Practice for Grounding of In- 
dustrial and Commercial Power Systems," IEEE Std. 
142-1982. 


GENERATOR PROTECTION 


IEEE/PES Power System Relaying Committee, “IEEE 
Guide for Abnormal Frequency Protection for Power 
Generating Plants," ANSI/TEEE C37.106-1987. 

IEEE/PES Power System Relaying Committee, “IEEE 
Guide for AC Generator Protection,” ANSI/IEEE 
C37.102-1987. 

IEEE/PES Power System Relaying Committee, “IEEE 
Guide for Generator Ground Protection,” ANSI/ 
IEEE C37.101-1985. 

IEEE/PES Power System Relaying Committee, “Іп- 
advertent Energizing Protection of Synchronous 
Generators," IEEE Transactions on Power Delivery, 
April 1989, pp. 965. 


358 


- MOTOR PROTECTION 


“AC Motor Protection Guide, Industrial and Com- 
mercial Power System Application Series," PRSC- 
2D Feb. 1988, ABB Coral Springs, Florida. 

Elmore, W. A., and Kramer, С. A., “Complete Motor 
Protection by Microprocessor Relay," RPL 87-1, May 
1987, ABB Coral Springs, Florida. 

IEEE/PES Power System Relaying Committee, “IEEE 
Guide for AC Motor Protection," ANSI/IEEE 
C37.96-1976. 

“Some Thoughts on Large Motor Protection," RPL 76- 
2A Sept. 1978, ABB Coral Springs, Florida. 


TRANSFORMER PROTECTION 


Elmore, W. A., “Ways to Assure Improper Operation 
of Transformer Differential Relays,” Texas A&M 
Relay Conference, College Station, Texas, April 15, 
1991. 

IEEE/PES Power System Relaying Committee, "IEEE 
Guide for Protective Relay Applications to Power 
Transformers," ANSI/IEEE C37.91-1985. 

Sonnemann, W. K., Wagner, C. L., and Rockfeller, 
G. D., *Magnetizing Inrush Phenomenon in Trans- 
former Banks," AIEE Transactions Part III, Power 
Apparatus and Systems, pp. 884—892. 

""Transformer Protection Guide, Industrial and Com- 
mercial Power System Applications Series," PRSC- 
3E, June 1991, ABB Coral Springs, Florida. 


BUS PROTECTION 


“Bus Protection Guide Industrial and Commercial Power 
System Applications Series," PRSC-9 Nov. 1989, ABB 
Coral Springs, Florida. 

Forford, T., and Linders, J. R., “А Half-cycle Bus 
Differential Relay and Its Application," IEEE 
Transactions on PAS, Vol. PAS-93, July/Aug. 1974, 
pp. 1110-1120. 

IEEE/PES Power System Relaying Committee “ТЕЕЕ 
Guide for Protective Relay Application to Power 
System Buses," ANSI/TEEE C37.97-1979. 


TRANSMISSION LINE PROTECTION 


Andersson, Finn, and Elmore, W. A., “Overview of 
Series-Compensated Line Protection Philosophies,” 
Western Protective Relay Conference 1990, Wash- 
ington State University, Pullman, Washington. 

Cook, V., “Analysis of Distance Protection," John Wiley 
& Sons Inc., New York, 1985. 

Crockett, J. M., and Elmore, W. A., “Performance of 


Bibliography 


Phase-to-Phase Distance Units," Western Protective 
Relaying Conference 1986, Washington State Uni- 
versity, Pullman, Washington. 

Elmore, W. A., “Modern Transmission Line Relaying 
Variations," Georgia Tech Relaying Conference. 
Atlanta, Georgia, May 3-5, 1989. 

Elmore, W. A., *Zero-Sequence Mutual Effects on 
Ground Distance Relays and Fault Locations," Texas 
A&M Relay Conference, College Station, Texas. 
April 1992. 

IEEE/PES Power System Relaying Committee, “Рто- 
tection Aspects of Multi-Terminal Lines," Special 
Publication 79TH0056-2-PWR. 

Lewis, №. A., and Tippett, L. S., "Fundamental Basis 
for Distance Relaying on a 3-Phase System," АТЕЕ 
Transaction PAS Vol. 66, 1947. 

Мага, R. J., “Directional Characteristics of Distance 
Relay Mho Elements Part I," ТЕЕЕ Transactions оп 
PAS, Vol. PAS-100 No. 1, Jan. 1981, pp. 96-102. 

Mathews, P., and Nellist, B. D., “Generalized Circle 
Diagrams and Their Application to Protective Gear," 
IEEE Transactions on PAS No. 2, 1964, pp. 165- 
173. | 

“Рһавог Differential Protection Guide, Industrial and 
Commercial Power System Application Series," 
PRSC-10, Aug. 1991, ABB Coral Springs, Florida. 

Rockefeller, С. D., “Zone Packaged Ground Distance 
Relay I— Principles of Operation," IEEE Transac- 
tions on Power Apparatus and Systems, Vol. PAS 
No. 10, Oct. 1966, pp. 1021-1044. 

Sonnemann, W. К., and Lensner, H. W., “Сотреп- 
sator Distance Relaying I— General Principles of 
Operation," АЈЕЕ Transactions on PAS, Vol. 77, 
Part III, pp. 372-382. 

Sun, S. C., and Ray, R. E., *A Current Differential 
Relay System Using Fiber Optics Communications," 
IEEE Transactions on Power Apparatus and Sys- 
tems, Vol. PAS 102, No. 2, Feb. 1983, pp. 410—419. 

Udren, E. A., and Cease, Т. W., “Transmission Line 
Protection with Magneto-Optic Current Transducers 
and Microprocessor-Based Relays,” Texas A&M 
Relay Conference, College Station, Texas, April 13- 
15, 1992. 

Udren, E. A., and Li, Н. J., "Transmission Line Re- 
laying Using Microprocessor," Western Protective 
Relaying Conference 1987, Washington State Uni- 
versity, Pullman, Washington. 


STABILITY AND OUT-OF-STEP RELAYING 


"Fundamentals of Out-of-Step Relaying," RPL 79-1C, 
Nov. 1991, ABB Coral Springs, Florida. 
IEEE/PES Power System Relaying Committee “Ош- 


Bibliography 


of-Step Relaying for Generators— Working Group 
Report," IEEE Transactions on Power Apparatus 
and Systems, Уо\. PAS-96, No. 5, Sept./Oct. 1977, 
pp. 1556-1564. 


RECLOSING 


IEEE/PES T&D Committee Working Group Report," 
Arc Deionization Times on High Speed Three Pole 
Reclosing," IEEE Transactions on Power Apparatus 
and Systems, Vol. S82, pp. 236-252. 

Sturton, A. B., “Опе, Two and Three-Phase Automatic 
Reclosing of 230kV and 345kV Lines," /EEE Trans- 
actions on Power Apparatus and Systems, Vol. S82, 
pp. 304-318. 





359 


LOAD SHEDDING AND FREQUENCY RELAYING 


Dalziel. C. F.. and Steinback, E. W., ""Underfrequency 
Protection of Power Systems for System Relief," AIEE 
Transactions on Power Apparatus and Systems, Part 
II-B. Vol. 78. pp. 1227-1238. 

Lokay. Н. E.. and Burtynk, V., "Application of Un- 
derfrequency Relays for Automatic Load Shed- 
ding." /EEE Transactions on Power Apparatus and 
Systems. Vol. PAS-87. No. 3. March 1968, pp. 776- 
783. 

Smaha. D. W.. Roland. C. R.. and Pope. J. W.. "Load 
Shedding Coordination With Turbine-Generator 
Underfrequency Protection on the Southern Electric 
System.” Georgia Tech Relaying Conference. At- 
lanta. Georgia. 1980. 


Index 


Active filters, 62 
A/D converter (analog/digital 
converter), 85 
Adders, 60 
Aliasing, 86-87 
overcoming, 87 
Amplification units, 54-55 
basic operational amplifier units, 
59-62 
Analog/digital converter (A/D 
converter), 85 
Analog relays, 2 
Analog test, 91-92 
AND unit, 48 
Annunicator circuits, 55 
ANSI relaying accuracy standard for 
current transformers, 77-79 
Antialiasing filters, 87 
Apparent impedance, 286 
Application practices and techniques 
for relays, 5-7 
rack-mounted relays, 7 
switchboard relays, 5-7 
Applying protective relays, 4-5 
degree of protection required, 5 
existing system protection and 
procedures, 5 
fault study, 5 
maximum loads, transformer data 
and impedances, 5 
system configuration, 4 
Automatic reclosing relays, 333 
Automatic synchronizing relays, 343 
Auxiliary relays, 1 
Auxiliary relay units, 55-58 
annunciator circuits, 55 
coordinating and loop logic timers, 
55-56 
isolator and buffer circuits, 57-58 
toggle or latching circuits, 56-57 


Back-to-back capacitor switching, 67 
Backup protection, 303-317 
breaker-failure relays applications, 
307-309 
breaker-and-a-half and ring buses, 
308-309 
single-line/single-breaker buses, 
307-308 
for generators. 107-109 
improved breaker-failure scheme. 
311-312 
improved scheme. 311-312 
problems in the traditional 
breaker-failure scheme. 311 
type ӚВЕ-І breaker-failure relay. 
312, 315 
open conductor and breaker pole 
disagreement protection. 313- 
316 
remote vs. local backup. 303-304 
special breaker-fault scheme for 
single-pole trip-system 
application. 316. 317 
traditional breaker-failure scheme, 
309-311 
timing characteristics of, 309-310 
traditional relay characteristics, 
310-311 
Basic logic circuits, 49-58 
amplification units, 54-55 
auxiliary units, 55-58 
fault-sensing data processing units, 
49-54 
Battery circuit, grounding of, 69 
Blinder system for out-of-step 
relaying, 327 
Breaker-failure relaying, 307-309 
breaker-and-a-half and ring buses, 
308-309 
improved breaker-failure scheme, 
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[Breaker-failure relaying] 
improved scheme, 311-312 
problems in the traditional 
breaker-failure scheme, 311 
type 5ВЕ-І breaker-failure relay, 
312, 315 
single-line/single-breaker buses, 
307-308 
special scheme for single-pole trip- 
system application. 316. 317 
traditional breaker-failure scheme. 
309-311 
timing characteristics of. 309-310 
traditional relav characteristics. 310- 
311 
Breaker-trip coil initiator circuit, 54- 
55 
Buffer and isolator circuits, 57-58, 71 
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Bus protection 
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protection, 201-202 
bus differential relaying with a 
moderately high-impedance 
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bus differential relaying with over- 
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overcurrent differential 
protection, 201 
current transformer saturation 
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linear coupler differential system, 
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[Bus protection] 
multirestraint differential system, 
199—201 
normal practices on bus protection, 
195 
other bus protective schemes, 209 
differential comparison relaying, 
209 
fault bus (ground-fault protection 
only), 209 
partial differential relaying, 209 
protecting a bus that includes a 
transformer bank, 206-208 
protecting a double-bus single 
breaker with bus tie 
arrangement, 208—209 
setting example for the KAB bus 
protection, 204—205 
Bus transfer systems for generator 
station auxiliaries, 125-126 


Capacitor switching, 66—67 
Check-sum test for ROM, 92 
Circuit-breaker control, 7-8 
Clapper units, 39-40 
Classification of relays, 1-2 
Commercial and industrial power 
transformers, typical protective 
schemes for, 173-177 
Common-mode surges, 65-66 
Composite sequence current networks, 44 
Concentric circle system for out-of- 
step relaying, 326-327 
Coordinating and loop logic timers, 
55-56 
Coupling capacitance voltage 
transformers (CCVT), 83-84 
Coupling capacitor voltage transformer 
(CCVT) switching, 67-68 
Current transformers, 73-74 
direct current saturation, 79-81 
equivalent circuit, 74 
estimate of current transformer 
performance, 74-79 
European practice, 79 
magneto-optic current transducer 
(MOCT), 82 
residual flux, 81-82 
Current transformer saturation, 68 
Cylinder relay units, 42-43 
cylinder-type directional relay units, 13 


D'Arsonval units, 43 

dc offset compensation, 90 

Dead-line or dead-bus reclosing relay, 
342-343 

Dead-man timer, 91 

Dependability, 3 


Design of protective relay systems, 
2-4 
design criteria, 3 
factors influencing relay 
performance, 3 
zones of protection, 3-4 
Device numbers, 123, 124, 125, 141, 142, 143, 
144, 174. 175, 178, 180, 212, 213, 337 
Diesel engines, protection against 
generator motoring for, 116 
Differential-mode surges, 65—66 
Differential relaying for transformer 
protection, 147—154 
differential relays, 148—153 
general guidelines for, 153—154 
sample checks for, 154-160 
checks for multiwinding banks, 
158-1060 
checks for two-winding banks, 
154-158 
Digital filters, 89-90 
Digital relays, 2 
frequency relays, 348-349 
Diode, 45, 46 
Direct current circuit energization, 68 
Direct current coil interruption, 68 
Direct current (dc) offset 
compensation, 90 
Direct current saturation, 79-81 
Directional relays, 13 
connections to three-phase power 
systems, 13-15 
Double-bus single breaker with bus tie 
arrangements, protection for, 
208-209 


Economics vs. performance (relay 
design criteria), 3 
EEPROM (electrically erasable 
programmable read-only 
memory), 85 
Electromagnetic induction, 65, 66 
Electromagnetic transient programs 
(EMTP), 3 
Electromechanical units, 39-43 
D’Arsonval units, 43 
magnetic attraction units, 39-41 
magnetic induction units, 41-43 
thermal units, 43 
Electrostatic induction, 65, 66 
EOVT (voltage-sensing device), 84 
EPROM (erasable programmable 
read-only memory), 85 


Fault detectors, 91 
Fault-sensing data procesesing units, 
49-54 
magnitude comparison, 49-51 
phase-angle comparison, 51-54 
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Faults on power systems, 15-17 
characteristics of faults, 15-17 
fault types and causes, 15, 17 

Field ground detection, 118-120 

Fourier-notch filter, 89 

Frequency behavior during automatic 

load shedding and restoration, 
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Frequency relaying, 348-349, 354-355 
digital frequency relays, 348-349 
KF induction-cylinder 

underfrequency relay, 348 
microprocessor-based frequency 
relay, 349 


Gas turbines, protection against 
generator motoring, 116 
Generator protection, 103-127 
abnormal conditions that may occur 
with rotating equipment, 103 
alternative-current overvoltage 
protection for hydroelectric 
generators, 120 
backup protection, 107-109 
bus transfer systems for station 
auxiliaries, 125-126 
choice of technology, 103 
field ground detection, 118~120 
inadvertent energization, 117-118 
loss-of-excitation protection, 111- 
115 
microprocessor-based generator 
protection, 126-127 
off-frequency operation, 123-124 
out-of-step protection, 125, 325-326 
overload protection, 109-110 
overspeed protection, 111 
phase fault detection, 103-105 
protection against generator 
motoring, 115-117 
protection at reduced frequencies, 
121-123 
recommended protection, 124-125 
stator ground fault protection, 105- 
107 
neutral-to-ground fault decision, 
107 
95% ground relays, 106-107 
100% winding protection, 107 
unit-connected schemes, 105-106 
volts per hertz protection, 110-111 
Generator-transformer unit: 
differential protection of, 164 
overexcitation protection of, 164- 
165 
Ground directional relay unit, 13 
Ground-fault protection for a motor, 
131-132 
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Ground-fault protection of power 
lines, relay systems for, 211, 
213 
Grounding: 
of battery circuit, 69 
See also System grounding 


High impedance differential relays, 
104-105 

High-reactance grounding, 96-97 

High-resistance grounding, 98-99 

Hydraulic turbines, protection against 
generator motoring, 116-117 

Hydroelectric generators, alternating- 
current overvoltage protection 
for, 120 


Impedance unit characteristics, 263- 
287 
apparent impedance, 286 
basic application example of a 
magnitude comparator, 267- 
268 
basic application example of a phase 
comparator, 266-267 
derived characteristics, 285-286 
influence of current distribution 
factors and load flow, 283-285 
practical comparator applications in 
distance relaying, 268-275 
response of distance units to 
different types of faults, 279- 
283 
reverse characteristics of an 
impedance unit, 275-279 
Inadvertent energization of generators, 
117-118 
Induction disc units, 41-42 
Industrial power systems: 
load-shedding programs for, 352- 
353 
typical protective schemes for 
industrial transformers, 173- 
177 
Inrush currents, 145-147 
initial inrush, 145-147 
recovery inrush, 147 
sympathetic inrush, 147 
Instantaneous overcurrent unit, 63 
Instantaneous reclosing applications, 
335-336 
Instantaneous-trip lockout, 334 
Instrument transformers for relaying, 
73-84 
voltage sensing devices (MOVT/ 
EOVT), 84 


[Instrument transformers for relaying] 
voltage transformers and coupling 
capacitance voltage for 
transformers, 82-84 
neutral inversion, 84 
See also Current transformers 
Integrated circuits, 58-64 
basic operational amplifier units. 
59-62 
operational amplifier, 58—29 
relay applications of. 62-64 
Intermediate lockout, 335 
Inverting amplifiers. 59-60 
Isolator and buffer circuits. 57-55 


Jam protection for a motor. 140-141 


КАВ bus protection. 204-205 
KF induction-cylinder underfrequency 
relay, 348 


Latching circuits. 56-57 
Leading phase identification, 91 
Level detectors. 61-62 
Line and circuit protection. 211-301 
classification of electric power lines. 
211 
coordination in multiple-loop 
systems, 288-301 
relay setting and coordination. 
290-291 
relay type selection. 289-290 
system information. 289 
directional overcurrent phase- and 
ground-fault protection, 220- 
227 
distance phase and ground 
protection, 227-251 
distribution feeder protection. 259- 
263 
impedance unit characteristics. 263- 
287 
infeed effect on ground-distance 
relays, 287-288 
loop-system protection. 251-253 
multiterminal, tapped lines, and 
weak feed, 211-212 
overcurrent phase- and ground-fault 
protection, 212-220 
relays for phase- and ground-fault 
protection, 211, 212, 213 
selecting a protective system, 211 
series-capacitor compensated-line 
protection, 256-259 
short-line protection, 253-256 
techniques for line protection, 211 
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Linear coupler bus protection, 196— 
197 
advantages of, 199 
frequency response of, 199 
setting example, 197—199 
Live-line/dead-bus, live-bus/dead-line 
(LLDB/LBDL) control, 334 
Load loss protection for a motor, 141 
Load-shedding and frequency relaying, 
345-355 
formulating a load-shedding scheme, 
349-352 
frequency settings. 350-351 
location of the frequency relays, 
maximum anticipated overload, 
349 
number of load-shedding relays. 
249-350 
size of the load shed at each step. 
350 
time delay. 351-352 
frequency relaying, 348-349 
digital frequency relays, 348-349 
KF induction-cylinder 
underfrequency relay, 348 
microprocessor-based frequency 
relay. 349 
load-shedding. 347—348 
other frequency relav applications, 
354-355 
rate of frequency decline. 345-347 
restoring service. 333-354 
special considerations for industrial 
systems. 352-353 
Local backup. 304-305 
remote backup vs.. 303-304 
Locked-rotor protection for a motor, 
132-136 
Logic units: 
principal, 48-49 
solid-state, 47 
Loop-type power system, fault 
calculation on (example), 28-33 
Loss-of-excitation protection, 111—115 
for synchronous motors, 141-142 
Low-reactance grounding, 96, 97 
Low-resistance grounding, 98 
Low-voltage protection for a motor, 
138 


Magnetic attraction units, 39-41 
clapper units, 39-40 
plunger units, 39 
polar units, 40—41 

Magnetic induction units, 41—43 
cylinder units, 42-43 
induction disk units, 41—42 
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Magnetizing inrush. See Inrush 
currents 
Magneto-optic current transducer 
(MOCT), 82 
Magnitude comparison logical units, 
49-51 
Microprocessor architecture. 64 
Microprocessor-based frequency relay, 
349 
Microprocessor-based generator 
protection, 126-127 
Microprocessor-based reclosing relays, 
340-342 
Microprocessor relaying, 85-92 
aliasing, 86-87 
overcoming, 87 
choice of measurement principle, 
87-91 
de offset compensation, 90 
digital filters, 89-90 
fault detectors, 91 
Fourier-notch filter, 89 
leading-phase identification, 91 
rms calculation, 88-89 
symmetrical component filter, 90- 
91 
sampling problems, 86 
self-testing, 91-92 
analog test, 91-92 
check-sum, 92 
dead-man timer, 91 
nonvolatile memory test, 92 
RAM test, 92 
MOCT (magneto-optic current 
transducer), 82 
Monitoring relays, 1 
Motor protection, 129-144 
general requirements, 129 
ground-fault protection, 131-132 
induction motor equivalant circuit, 
129-130 
jam protection, 140-141 
load loss protection, 141 
locked-rotor protection, 132-136 
loss of excitation, 141-142 
low-voltage protection, 138 
motor thermal capability curves, 130 
negative sequence voltage 
protection, 138-139 
out-of-step protection, 141 
overload protection, 136 
phase-fault protection, 130-131 
phase-rotation protection, 138 
thermal relays, 136-138 
RTD-input-type relays, 137 
thermal replica relays, 137-138 
typical application combinations, 
141, 142, 143, 144 
Motor thermal capability curves, 130 
MOVT (voltage-sensing devices), 84 





Multigrounded four-wire systems, 
ground fault protection for, 102 
Multi-shot reclosing relays, 339-342 
one-shot reclosing relays vs., 333- 
334 
Multiterminal transmission lines, 212 


Negative sequence network, 23 

Negative sequence voltage protection 
for a motor, 138-139 

Neutral inversion, 84 

Noninverting amplifiers, 60 

Nonvolatile memory test, 92 

NOT unit, 48, 49 

NOVRAM (nonvolatile RAM), 85 

Numerical relays, 2 


Off-frequency operation of generators. 


123-124 
One-shot vs. multiple-shot reclosing 
relays, 333-334 
Operating principle of relays, 1 
Operational amplifier, 58-59 
relay application of, 62-64 
Optical isolators, 71-72 
OR unit, 48 
Out-of-step relaying, 324-331 
generator out-of-step relaying, 325- 
326 
for motor protection, 141 
philosophies of, 326 
relays for, 327-330 
electromechanical types, 327-328 
solid-state types, 328-330 
selection of systems for, 331 
transmission-line out-of-step 
relaying, 326 
types of out-of-step schemes, 326- 
327 
binder schemes, 327 
concentric circle scheme, 326-2327 
Overload protection: 
for generators, 109-110 
for motors, 136 
Overspeed protection for generators, 
111 ^ 


Percentage differential relays, 104 

Performance characteristics of relays, 
1-2 

factors influencing. 3 

Peformance vs. economics (relay 
design criteria), 3 

Phase-angle comparator logic circuitry, 
51-54 
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Phase-angle regulating transformer 
protection, 178—184 
Phase-fault protection: 
for a motor, 130-131 
for power lines, 211, 212 
Phase rotation (phase sequence), 12 
Phase-rotation protection for a motor. 
138 
Phase-shift units, 61 
Phase-unbalance protection for a 
motor, 139-140 
Phasors, 9-12 
circuit design notation for current 
and flux, 9 
circuit diagram notation for voltage. 
9-10 
phase rotation vs. phasor rotation. 
12 
phasor diagram notation, 11 
phasor notation, 10-11 
Plunger units, 39 
Polarity in relay circuits, 12-15 
characteristics of directional relays. 
13 
connections of directional units to 
three-phase power systems, 13- 
15 
polarity of protective relays, 12-13 
polarity of transformers, 12 
Polar units, 40-41 
Positive sequence network, 22-23 
Protection against transients and 
surges, 65-72 
differential- and common-mode 
classifications, 65-66 
electromagnetic induction, 65, 66 
electrostatic induction, 65, 66 
protective measures, 69-72 
buffers, 71 
increased energy requirements, 72 
optical isolators, 71-72 
radial routing of control cables, 71 
separation, 69-70 
suppression at the source, 70 
suppression by shielding, 70-71 
suppression by twisting, 71 
transients originating in the high- 
voltage system, 66-68 
bus deenergization, 67 
capacitor switching, 66-67 
coupling capacitor voltage 
transformer (CCVT) switching, 
67-68 
other transient sources, 68 
transmission line switching, 67 
transients originating in the low- 
voltage system, 68—69 
current transformer saturation, 68 
direct current circuit energization, 
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Index 


[Protection against transients and 
surges] 
direct current coil interruption, 68 
grounding of battery circuit, 69 
Protective relays, definition of, 1 
Protective zones of power systems, 
3-4 


Rack-mounted relays, 7 
RAM (random access memory), 85 
RAM test, 92 
RC reclosing relay, 339 
Reactance grounding, 96-97 
high-reactance grounding, 96-97 
low-reactance grounding, 96, 97 
resonant grounding, 96, 97 
Reactor protection. See Shunt reactor 
protection 
Read-only memory. See ROM (read- 
only memory) 
Reclosing relays, 1, 333-343 
considerations for applications of 
instantaneous reclosing, 335- 
336 
dead-line or dead-bus reclosing, 
342-343 
precautions, 333 
reclosing relays and their operation, 
336-342 
multishot reclosing relays, 339- 
342 
review of breaker operation, 336 
single-shot reclosing relays, 336- 
339 
reclosing system considerations, 
333-335 
compatibility with supervisory 
control, 335 
deionizing times for three-pole 
reclosing, 334 
factors governing application of 
reclosing, 335 
inhibit control, 335 
instantaneous-trip lockout, 334 
intermediate lockout, 335 
live-line/dead-bus, live-bus/dead- 
line control, 334 
one-shot vs. multiple-shot 
reclosing relays, 333-334 
selective reclosing, 334 
synchronism check, 334 
trip control, 335 
selective initiation, 343 
Reliability of a relay, 3 
Remote backup, 303-304 
application of, 304 
with breaker-failure protection, 306 
selectivity of, 303 
sensitivity of, 303 


[Remote backup] 
speed of, 303-304 
versus local backup, 303-304 


Remote tripping of transformer banks, 


177 
Residual] flux in current transformers, 
81-82 
Resistance ground, 98-99 
high-resistance grounding, 98-99 
low-resistance grounding, 98 
Resonant grounding (ground fault 
neutralizer), 96, 97 
ROM (read-only memory), 85 
check-sum test for, 92 
Root-mean-square (rms) values, 
calculation of, 88-89 
RTD (resistance temperature 
detector)- input-type thermal 
relays, 137 


Sampling, non-synchronous, 87, 88 
SBF-1 breaker-failure relay 312-315 
Security, 3 
Selective reclosing, 334 
Self-testing microprocessor hardware, 
91-92 
analog text, 91-92 
check-sum, 92 
dead-man timer, 91 
nonvolatile memory test, 92 
RAM test, 92 
Semiconductor components, 45-47 
diode, 45, 46 
thermistor, 45-46 
thyristor, 46, 47 
transistor, 46 
unijunction transistor, 47 
varistor, 45-46 
zener diode, 45, 46 
Sensitive ground relaying, 99-101 
ground overcurrent relay with 
conventional current 
transformers, 99-101 
ground overcurrent relay with zero 
sequence current transformers, 
101 
ground product relay with 
conventional current 
transformers, 101 
Sequence networks, 22-23, 43-45 
composite sequence current 
networks, 44 
connections and voltages, 23 
connections for fault and general 
unbalances, 23-25 
reduction of, 25-28 
sequence voltage networks, 44-45 
zero sequence networks, 44 
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Shunt reactor protection, 185-191 
differential protection, 188-189 
overcurrent protection, 187-188 
rate-of-rise-of-pressure protection, 

187 
reactors on delta system, 189-190 
shunt reactor applications, 185-186 
turn-to-turn faults, 190-191 
Simple high-pass filter, differentiation 
and, 61 
Simple low-pass filter, integrator and, 
60-61 
Simplicity of protective relay systems, 


те 


2 
Single-bank capacitor switching, 66- 
67 
Single-shot reclosing relays, 336-339 
Solid-state relay operations, 339-340 
Solid-state single-shot reclosing relay, 
336-338 
Solid-state units, 45-49 
principal logic units, 48-49 
semiconductor components, 45-47 
solid-state logic units, 47 
Speed of relays, 3 
Spinning reserve, 347 
Split-phase windings, generators with, 
105 
Square-wave detector, 63-64 
Station auxiliaries, bus transfer 
systems for, 125-126 
Station-bus protection, 193-209 
See also Bus Protection 
Stator ground fault protection, 105- 
107 
neutral-to-ground fault detection, 107 
95% ground relays, 106-107 
100% winding protection, 107 
unit-converted schemes, 105-106 
Steady-state system stability, 319 
Steam turbines, protection against 
generator motoring for, 116 
Structure of relays, 1 
Sudden-pressure relay (SPR) for 
transformer protection, 164 
Surges. See Protection against 
transients and surges 
Switchboard relays, 5-7 
Symbols used to represent elements of 
the power system, 8 
Symmetrical component filter, 90-91 
Symmetrical components, 17—37 
basic concepts, 18-19 
example of fault calculation on a 
loop-type power system, 28—33 
fault evaluations, 36-37 
network connections for faults and 
general unbalances, 23-25 
phase shifts through transformer 
banks, 33-35 
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